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ABSTRACT
28778

This report describes and evaluates the design and use of
a simple manual space navigation computer, This com-
puter is intended to provide backup guidance capability
under abort conditions during an advanced manned space
mission,

A design study with an evaluation of the accuracy of the
various cemponents used in the computer is presented.
A detailed accuracy analysis has been performed by
simulation techniques. The overall accuracy of the
manual space navigation computer is presented showing
the results of the study for various abort trajectories.

Significant relationships between accuracy and the
operational usage of the manual computer have been

developed. Z !: )



1, INTRODUCTION
1.1 General

Advanced manned space missions impose ever increasing demands
for complexity of the primary navigation and guidance systems such as the
need for highly versatile digital computers. This, together with the use of
longer duration mission times, imposes perhaps an unrealistically severe
reliability requirement on the space navigation and guidance equipment,

One approach to solving this reliability problem is the use of
simple and highly reliable backup equipment to supplement the primary
navigation system. The philosophy that permits the backup system to be
very simple is (1) to make use of manual operations as opposed to more
complex automatic techniques and (2) limiting the function of the backup
equipment to only what is necessary to achieve recovery of the crew.

The manual space navigation computer which has been studied
under this contract incorporates this philosophy. The inputs to the
computer are vehicle position data obtained by sextant observations.

These are manually obtained and inserted into the computer., The com-
puter determines the "vacuum perigee" of the space vehicle trajectory

which establishes whether or not a safe recovery back to earth will be
achieved. If the vacuum perigee is outside the allowable "reentry corridor",
the computer is then used to determine the corrective maneuver necessary
for safe reentry.

1.2 Scope of the Study

The scope of the work performed under this contract and which
is presented in this report is as follows:

A design study of the manual computer was performed to arrive
at a functional configuration of components and overall design. The com-
ponents were studied to specify reasonable performance tolerances.

A detailed error analysis program was prepared for high-speed
digital computation. Twenty-four cases were examined based upon:

1. The performance capability of the components in the manual com-
puter developed from the design studies.



2. Abort trajectories furnished Arma by Ames Research
Center, N.A.S.A,

3. Various locations for taking the space vehicle position
data along the abort trajectories.

The error analysis also included the effects of errors in the
manual sextant observations and the theoretical errors inherent in the
approach used in the computer, The theoretical errors are (1) the
two body vs. four body and earth oblateness assumption used in com-
puting the vacuum perigee and (2) the assumption of a parabolic trajectory
in computing the corrective maneuver,

The results of the simulations were evaluated to establish the
overall accuracy capability of the manual space navigation computer and to
generally relate locations along the trajectory where sextant observations are
made. All the accuracy results are presented as R. M. S. or 1 & errors.

1.3 Summary of the Accuracy Analysis Results

The results of the accuracy analysis of the manual space navigation
computer are as follows:

1. The overall total error (1 J) in achieving perigee varies from
16 km for an early abort trajectory ( @ = 0. 8) to 35 km for a near parabolic
trajectory. These results are based on the following assumptions:

a. Three sextant observations of position have been obtained.

The use of additional redundant, readings should statisti-
cally improve the accuracy. However, this has not been
included in the analysis.

b. The first observation is taken shortly after abort or, in the
case of a near paraboiic abort trajectory, at 260, 000 km
from the earth,

c. The corrective maneuver is performed about 1/2 hour
before perigee.

d. The last observation is taken about 1/2 hour before the
corrective maneuver,
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e. The second or middle observation is taken at a sweep
angle roughly halfway between the first and third observa- i
tion,

2. The accuracy degrades significantly if the first observation is
taken later or if the third observation is taken earlier. i

3. The major causes of error are instrumentation errors of the
manual computer. These contribute about eight times as much error in
perigee radius as do the input data errors from the sextant observations.

4. The theoretical errors from the two body assumption in com-
puting perigee and the parabolic assumption in computing the corrective
maneuver are much less than the hardware errors,

5. The incremental error contributed from computing the corrective
maneuver is less than the error in computing perigee without a maneuver.
The total error with a maneuver is generally only slightly greater than the
error without a maneuver,

1.4 Organization of the Report

The balance of this report is organized as follows:

Section 2 gives the theory of operation of the manual space
navigation computer, its role as a backup computer during an abort condition i
and the operational usage of the computer to achieve a safe reentry.

Section 3 presents the design approach developed under the study.
The expected accuracy capabilities of the various components used in this
configuration are indicated and form the basis for the specific design features
which have been adopted.

Section 4 describes in detail the method of analysis used to
perform a complete overall accuracy analysis of the manual computer, A
special computational program for the IBM 7094 using Fortran II was developed
for this purpose.

Section 5 presents the results of the accuracy analysis performed
on the IBM 7094 computer. There are 24 tables of data, each table being a
complete error breakdown for a particular case of using the manual computer.



Four abort trajectories provided by Ames, N.A.S.A. were used and with
each trajectory various sets of observational data were chosen,

Section 6 is a discussion of the results of the accuracy
analysis. The results are evaluated to arrive at the overall capability
of the manual space navigation computer, In addition, the general
relationships between the location of the observation points and accuracy
have been established.

The actual Fortran II statement used to perform the accuracy
analysis is given in the Appendix at the end of the report.
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2, THEORY OF OPERATION AND FUNCTIONAL APPROACH

2.1 Theoretical Basis of the Data Processing Computer

For operation of this manual space navigation computer, it is
assumed that suitable observation data from an Astro-Sextant or an equivalent
instrument is available. The basic purposes of the space navigation data
processing computer are the following:

. To enable the operator to predict future points on the
vehicle trajectory on the basis of observed sextant
observations.

. To enable the operator to predict whether a safe reentry
will be accomplished if the vehicle continues on its present
trajectory.

. To enable the operator to determine the required corrective
maneuver, if necessary, to insure safe reentry.

The theoretical approach utilizes a single mathematical equation
as the basis for satisfying all the above requirements. Thus, the data proc-
essing computer only requires the capability of solving this single equation.

The rigorous mathematical theory of space vehicle trajectories
must take into account earth cblateress as well as the gravitational effect
on the vehicle of the moon and sun. However, for earth-moon trajectories
these effects are small compared with the basic inverse-square gravitational
field of the earth., Therefore, the theoretical approach makes the two following
simplifying assumptions:

... It is assumed that only the earth exerts a gravitational
pull on the vehicle (i. e. the gravitational effects of the
moon and sun are ignored. )

. It is assumed that the earth is spherical (i. e. earth
oblateness effects are ignored),

Once these assumptions have been made, all of the theory associated

with Kepler trajectories can be applied. These traiectories can be represented
by the following equation: (See Figure 2-1)
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Datum Line

Perigee Point

Earth

Trajectory

FIGURE 2-1 TYPICAL SPACE VEHICLE TRAJECTORY




r= hz 1 = JQ -
a Tr e : ) 7 {Tecos (8-8y) (ar-1)
o 1+ & cos (e-ep) ec P

where:

8., = the angle from an arbitrary datum line to the perigee point

P
@ = the angle from the arbitrary datum line to the space vehicle
r = the distance from the space vehicle to the center of the earth
£= EZ_ = the semi-latus rectum
h = the specific angular momentum of the vehicle
M= the gravitational constant cof the earth
e = the eccentricity of the orbit
where if:
e >1, trajectory is hyperbolic,
e =1, trajectory is paraboilic,
@ < 1, trajectory is elliptical.
The quantities £, h,/u, and e are all constants on a Kepler trajectory.

Equation II-1 can be rewritten

1 + ecos (8-6p)
2 =1 (11-2)

1
r

Then, in general, for any one conic

1 +ecos (83-6;) _ 1+ecos (82-65) _ 1+ ecos (81-8;) (11-3)
1 - 1 1
r3 Iy 1

where r1, 91, ry, 82, I3, 83 are the coordinates of three points on the

trajectory.
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From proportion theory:

e a-e c-e
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g

i

h
Q
Ph

Therefore

1 + ecos (83-8p) - 1 - ecos (81-6y) _ 1 +ecos (82-6;) -1 ~€cos (8,7 9y)

—e———

Lo- 4 1 - 1 (I1-4)

r3 r 2 r1

or

cos (87 - 8p) - cos (81 — 6p) cos (82 - 85) - cos (81 - 8p)
3 P P’/ _ P P

1 -1 -1 - L
Iy ry ro ry (11-4)
where:

61, 2, 3 = Observed geocentric angles between the vehicle and a reference
star in the plane of the vehicle's trajectory.

ri1, 2, 3 = Stadiametrically derived distances between the vehicle and
the earth's center, corresponding to the angles 61,2, 3.

Bp = Geocentric angle between the reference star and perigee
point of the present trajectory,

2.2 Functional Description of the Computer

A block diagram of the computer which solves equation (II-4) is
shown on Figure 2.-2, Seven quantities are involved in the equation, and the
computer contains a control knob and counter for each, If any six of these
are set into the computer (by means of handcranks and counters) the seventh
can be found by rotating the corresponding crank until the bridge is balanced,
as indicated by a zero reading on the "NULL INDICATOR". The associated
counter is then read to find the value of the unknown quantity which satisfies
equation (II-4).

Internally, motion of any handcrank drives the associated counter

through appropriate gearing and provides one input to a mechanical differential.
(Light frictional drags are placed on all input shafts to keep the motion of any

2=k
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one from rotating any of the others through the differentials, ) As shown in

Figure 2-2,the outputs of the differentials are:

(83 - 8p), (8 = 8p), (81~ 8p), (L -1 yana(l -~ 1) The output
3 r r2 rl

shafts of the angle differentials are then used to drive mechanical cosine

generators whose output shafts are, in turn, used as inputs to mechanical

differentials. There are, finally, four shaft positions, representing the

quantities:

(1) cos (85 - 8p) - cos (8 - 6p)
(2) cos (8 - 8p) - cos (81 - 8p)

3 (X 1
T2 1

(4) (- - 1
2 S

These are the numerators and denomirators of the left and right
sides of equation (II-4), and are the inputs to the electrical portion of the
computer. Specifically, these shaft angles position the wipers of four
potentiometers arranged in a modified bridge circuit. The output of this
circuit is proportional to the difference between the two sides of equation
(II-4). When this quar.tity is zerc (as indicated by :he galvanometer), the
equation is satisfied; i. e, the "unkrown® quantity has been adjusted to
correspond to the trajectory parameters which were set into the other six
inputs.

In addition, the computer incorporates a manually operated
roller chart which is simply a form of table giving the relationship between
the observed angle subtended by the earth's disk and the corresponding
range and reciprocal range. The mechanism corsists of a long tape with
corresponding values of variables printed on it side by side (somewhat in
the manner of the scales on the body of a slide rule), a pair of drums to
receive the tape, and a knurled wheel to drive it. 1In use, the operator
simply rotates the knob until the correct value of the known variable (say,
subtense angle) is under the hairline, The corresponsding values of the
range and its reciprocal also appear under the hairline and are read out
directly,

2.3 Qperational Usage of the Computer

The manual space ravigation computer performs four functions
as follows:

2-6
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... Assistance in the determination of present vehicle position
. Prediction of furure vehicle position

. Determination of whether reentry will be accomplished safely
if vehicle continues on present trajectory

... Determination of corrective maneuver, if necessary, to assure
that safe reentry will occur,

The present position of the vehicle will be specified in terms
of distance from earth (r) and vehicle angular pesition (8) measured in
the plane of the trajectory frcm a known datum line through the center of
the earth, Figure (2-3) illustrates the method by which the coordinates
r and 6 are determined. The known datum line is taken as the line from
the center of the earth to a reference star in the plane of the trajectory.
The angles A and B are measured with the sextant. A is the angle from the
reference star to the edge of the earth's disk. B is the angle subtended
by the disk of the earth. Knowing the angle B, the operator easily determines
the distance r by use of the rolier chart. The angle 8 is determined by

=180 - (A:t%._.) (1I1-5)

The choice of sign in Equation (i]J-%) is governed by whether A is measured
to the near or far edge of the earth.

One of the important applications of the proposed manually operated
computer is to predict future points along the vehicle's trajectory on the basis
of present position. The basis of the method (see Figure 2-4) is the use of
three present position fixes. The entire position prediction problem is solved
through using the expression (Equation (I1-4)) which is mechanized in the
manual computer. Future position prediction is accomplished as follows:

The angles 81, 6,, 83 corresponding to the three present position
fixes, are manually set into the corresponding counters on the face of the
computer (Figure 2.-5). The three observed ranges ry, ry, r3 are converted
to corresponding reciprocal ranges by use of the roller chart. These reciprocal
ranges are set into the appropriate counters. Every quantity entering the basic
equation (I1-4) has now been set into the computer, exéept for the perigee angle,
8p. Therefore, the angular position of the perigee point can be found by turning
the perigee angle crank until the null meter indicates zero. The angular posi-
tion of the perigee point can be now read irom the appropriate counter. To

2-7
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Star

Trajectory

Vehicle

FIGURE 2-3 METHOD OF FIXING PRESENT VEHICLE POSITION
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predict where the vehicle will be when it reaches some distance, r, from
earth, (indicated as "typical predicted future point" on Figure 2-4), the
reciprocal range corresponding to r is set in on the "reciprocal range No. 3
counter. This causes the bridge to become unbalanced. The bridge is
rebalanced by tuming the "angle No. 3" handcrank until the null meter

once again reads zero. The angular position of the vehicle at the predicted
point is then read from the "angle No. 3" counter,

An extremely important application of the proposed system is to
determine whether the vehicle will reenter the earth's atmosphere safely if
it is allowed to continue on its present trajectory. Insuring safe reentry
is particularly important on deep space missions, since in this case too
steep a reentry angle will cause the vehicle to burn up in the atmosphere,
and too shallow a reentry angle will cause the vehicle to skip back into
outer space.

It is convenient, in performing reentry analysis, to employ the
concept "vacuum perigee", which is equivalent in significance to reentry
path angle. When the vehicle enters the atmosphere the aerodynamic forces
cause the vehicle to follow a trajectory which cannot any longer be described
in terms of Keplerian theory. Conceptually, however, one can consider what
would happen if there were no atmosphere. In that case the vehicle would
continue on a Kepler trajectory and would reach a certain perigee distance
from the center of the earth; i.e. a "vacuum perigee". Clearly, reentry
path angle is related to vacuum perigee, since a steeper reentry path angle
will result in a smaller vacuum perigee distance. Thus, a certain allowable
spread in reentry path angle is equivalent to an allowable spread in vacuum
perigee, The allowable spread in vacuum perigee is referred to as the safe
reentry corridor, On a space mission the limits of the safe reentry corridor
will be known in advance. The basic me thod of using the computer to ascer-
tain whether reentry will be safe is to predict the vacuum perigee, and see
whether it lies within the limits of the safe reentry corridor.

This is accomplished as follows: Three position fixes are obtained.
The resulting angles and reciprocal ranges (as determined from the roller chart
on the computer) are inserted manually into the appropriate counters in the
computer, Next, the angular position of perigee is determined by turning the
perigee crank until the null meter reads zero. The "angle No. 3" crank is
turned until the "angle No. 3" counter shows the same reading as the "perigee
angle* counter. This will cause the bridge to become unbalanced. The
"reciprocal range No. 3" crank is now turned until the bridge is once again
balanced, as indicated by a zero reading of the null indicator. The value
read from "reciprocal range No. 3" counter is converted to range in kilometers

2-12




by using the roller chart. This value of range is the vacuum perigee distance,
Since the operator knows the allowable limits of the safe reentry corridor, he
immediately can tell whether or not a safe reentry will occur.

If the above procedure leads to the conclusion that the vehicle
will not reenter safely, then it is necessary that the proposed system be capable
of determining a corrective maneuver which will modify the trajectory so that
safe reentry will occur. The basic problem is illustrated in Figure 2-7. The
vehicle is shown on a present trajectory which will result in an unsaie reentry
because the vacuum perigee falls below the safe reentry corridor (i.e., the
vehicle would bum up in the atmosphere), It is desired to find the direction
and magnitude of the incremental velocit Y, Av, which should be inserted
during a corrective maneuver,

In executing a maneuver to correct vacuum perigee there is always
an optimum direction in which thrust should be applied to minimize rocket
fuel expenditure. In general, this optimum maneuver causes both the magnitude
and the direction of the velocity vector to change, However, determination of
this truly optimum maneuver would complicate the computational requirements
to an extent which would be incompatible with equipment simplicity. Therefore,
a compromise has been adopted which insures accomplishment of the desired
corrective maneuver with a reasonable (although not truly minimized) expenditure
of fuel. This has been achieved by assuming that the corrective maneuver in-
cremental velocity, Av, will always be inserted perpendicular to the present
velocity v, and will thus produce a pure direction change, with no change in
magnitude. This is the situation pictured in Figure 2, 7. Thus the required
corrective maneuver can be expressed completely as a required change, Af,
in the flight path angle.

Furthermore, from Keplerian orbit theory, if two orbits have equal
major axes (as shown in Figure 2.-8) then their specific energies are equal.
Thus, for example, if a maneuver changes the perigee distance by +10 miles
leaving specific energy constant (i.e., not changing velocity magnitude) then
the apogee distance changes by -10 miles,

The above considerations are all quite clear for elliptic orbits,
since the apogee distance has a clear physical significance. One can, however
always mathematically defire an apogee distance, even for non-elliptic orbits,
being zero for a parabola and negative for hyperbolic trajectories. The signi-
ficance of this generalized definition of apogee distance is that the relation-
ship discussed i n connection with Figure 2-8, (namely that the sum of the
Tperigee @314 Iypogee remain the same after a maneuver) can be shown to be
valid for all Keplerian orbits.

3
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Safe Reentry
Corridor

Present Unsafe Trajectory
< Vacuum perigee too low)

Desired Safe Trajectory

(Vacuum perigee in
safe reentry corridor)

A¢(Change in path angle)

AV (Corrective
Maneuver)

Vehicle Location

FIGURE 2-7 INSERTION OF CORRECTIVE MANEUVER
TO INSURE SAFE REENTRY
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Before proceeding to the actual operation of the computer in
determining corrective maneuvers, it is necessary to discuss one other
assumption which is made, It is assumed, in computing corrective
maneuvers, that on deep space missions, the vehicle will reenter at a
velocity very close to escape velocity which is equivalent to assuming
that the vehicle is on a parabolic orbit, It should be stressed that this
parabolic assumption is used only for determining corrective maneuvers,
and not in computing the vehicle's trajectory. Figure 2 -9 illustrates why
the parabolic assumption leads to system concept simplification. From
geometry and the properties of a parabola it can be seen that the path
angle, 8, is given by

4 =1(8 - 8p) - 180 (11-6)
2

Therefore at vehicle angular position, 6, if a maneuver results in a new
trajectory whose perigee angular position differs by A6p from the original
perigee angular position, then the maneuver will have a path angle change
Af given by

Af = ABp (11-7)
2

This is an extremely important result, since it says that the
required path angle change is determined by simply knowing the angular
shift in the perigee which results from changing trajectories via a corrective
maneuver of the type being considered.

Having established the above theoretical background we can now
proceed to the operational steps required when using the proposed computer
to determine a corrective maneuver which will assure safe reentry.

1, The vehicle's present trajectory in the form of three sets of
positional fix data is cranked into the appropriate counters and the bridge
is balanced by turning the "perigee angle" crank until the null meter reads
zZero,

2, Next, the perigee distance of the present trajectory is
determined. This is accomplished using the "No. 3" input cranks. The "angle No.
counter is set so that it reads the same as the "perigee angle" counter, Then the
“reciprocal range No. 3" crank is turned until the bridge is balanced. The
reading of the "reciprocal range No. 3" crank is converted to range in kilometers
through the use of the roller chart. This gives the vacuum perigee of the present
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trajectory. If it does not fall within the safe reentry corridor, the operator
notes this value of vacuum perigee (since it will be needed later in the
procedure),

3. The next step is to set in information concerning the point
at which the maneuver is to be made. The "No. 2" inputs are used for this
purpose. The operator decides on the range distance from earth at which
the corrective maneuver is to be made. Through the use of the roller chart
this range is converted to reciprocal range and inserted into the "reciprocal
range No, 2" counter. This unbalances the bridge. The bridge is rebalanced
by turning the "angle No. 2" crank until the bridge is balanced, as indicated
by a zero reading on the null indicating meter. The angle reading on the
"angle No. 2" counter is then the predicted angular position of the vehicle
when it reaches the point at which the maneuver is to be made.

4. The next step is to determine the apogee of the present trajectory.
This is done using the No. 1 input cranks, The "angle No. 1" counter is set
so that its reading differs by 180 degrees from the “perigee angle" counter,
This unbalances the bridge. The bridge is rebalanced by turning the "reciprocal
range No. 1" counter. The reading of the "reciprocal range No, 1" counter,
converted to range distance in Kms. via the roller chart, is the apogee distance
of the present trajectory. It can be either positive or negative depending on
whether theorbit is elliptical or hyperbolic as was discussed earlier,

5. The next step is to set in the perigee of the new, desired
trajectory. This is accomplished by setting "reciprocal range No. 3" counter
to the reciprocal range which corresponds to the new, desired vacuum perigee
(usually selected to be in the center of the safe reentry corridor). This opera-
tion unbalances the bridge, which now remains unbalanced until the final step
in the procedure.

6. The next step is to set in the apogee of the new, desired trajectory.

The new apogee distance is determined by algebraically adding to the old apogee
distance an amount equal and opposite to the difference between new and old
perigee distances, (This is in accordance with our earlier discussion concerning
the constancy of apogee plus perigee distance in the face of a maneuver which
leaves velocity magnitude unchanged). The reciprocal range corresponding to
the new apogee distance is set into the "reciprocal range No, 1" counter,

7. The next step computes the required change in path angle. This
operation makes use of the result discussed in connection with equation (I11-7).
The new trajectory will have a new perigee angular position, and the change in
perigee angular position is twice the required change in path angle. (This is
the reason for the 2:1 gear ratio interposed between the 8p shaft and the Ag
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counter shown in Figure 2-2). The "angle No. 1" and "angle No. 3" shaft
locks are set to the "compute transfer maneuver” position. This locks the
outputs of the corresponding differentials shown in Figure 2-2, The "required
change in path angle" crank is turned until the bridge is balanced, and the
required change in path angle is read from the "required change in path angle"
counter. The magnitude of the required incremental velocity is determined by

AV = VA (11-8)

where the symbols are defined with the aid of Figure 2. 7. The value of V

to be used in equation (II-8) is known on the basis of the previously dis-
cussed parabolic assumption, since V is the parabolic velocity corresponding
to the range distance at which the maneuver is made, and therefore can be
tabulated in advance. In fact, this information could be included on the roller
chart, as shown in Figure 2-6.

8. In addition to knowing the magnitude, v, of the required incremental
velocity, it is also necessary to know its direction, since the vehicle thrust
vector must be oriented in this direction to properly execute the maneuver. Since
the maneuver is to produce a path angle change only, with no change in velocity
magnitude, it is clear that the thrust must be directed perpendicular to the
velocity vector. Therefore, as is evident from Figure 279, the angle, ) ,
which the vehicle thrust vector makes with the local vertical is given by

§=90-4 (11-9)
which, combined with equation (iI-€) yields
x = ep -8
— (1I1-10)

The value of 8 (the angular position of the vehicle with respect to the reference
star at the predicted maneuver point) is read from the "angle No. 2" counter,
and the value of ep is read from the "perigee angle" counter. (It would be
possible to read ¥ directly from a counter geared 2:1 with the output of the

82 differential in Figure 2-2 although this feature is not shown).
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3. DESIGN STUDY AND COMPONENT CAPABILITY

3.1 Summary of Technical Philosophy and Guidelines

The technical philosophy and guidelines governing the design of
the manual computer, in summary, are given below.

The proposed manual system will be used for monitoring failures
of the more complex primary system, and for performing navigation and
guidance on an independent basis.

Hardware ground rules place primary emphasis on manual operation.
These rules call for minimization of electric power consumption, use of self -
contained unregulated DC where mandatory, and the exclusion of electronic
equipment, servos, motor drives, and automatic readout techniques to insure
maximum simplicity and reliability.

It is important to recognize that formulation of a system concept
which is consistent with the above mentioned simple "hardware ground rules"
compels one to pay the price of compromising system flexibility, accuracy,
etc. compared with what is achievable with a more complex, less reliable
primary navigation and guidance system.

In spite of the above mentioned simple "hardware ground rules"
and operational limitations, it is nevertheless mandatory that certain
operational requirements be met by the proposed manual system. These
include fixing present position, predicting future position, predicting whether
safe reentry will be accomplished, determining corrective maneuvers (when
necessary) to assure safe reentry.

3.2 Computer Design Considerations

The guiding principles in the design of the data processing system
are maximum reliability and minimum power requirements, size and weight
consistent with the accuracy required. The design proposed uses a combina-
tion of highly accurate manually driven mechanical and electrical computing
elements, and a low-voltage, unregulated D.C. source, such as a small dry
cell, with linear potentiometers. The circuit is so arranged that the total
resistances of these elements need only be nominally correct. No transistors,
vacuum tubes, servo motors or other active elements are used anywhere in the
computer,



3.3 Description of Computing Elements

The initial design of the proposed system using manually driven
mechanical and electrical computing elements, energized by a small self-
contained battery source, is shown in Figure 3-1, The packaged unit is
illustrated in Figure 2-5,

The © input angles are introduced at 72 speed (5 deg/rev.), 0 to
360 degrees of continuous rotation by means of 3 inch crank wheels which
permit the operator to spin set the inputs close to the observed values. A
thumb wheel and dial is provided to improve input accuracy. Readaut is
accomplished by means of the counters and thumbwheel dials. Verniers
may be installed if extreme accuracy is required. The A counter covers
the range -20 to +20 degrees and is equipped with a flagged shutter to indicate
sign. It also has a thumbwheel and () dials to improve accuracy.

The 1/r counters are zero centered and have a similar flagged
shutter to indicate sign. These cover a range of +.99999 to -.99999,
although only a small part of the negative range is actually utilized, as
explained below. The numbers indicated are not actually the reciprocal
of range but, rather, rpi,/r, the radius of the minimum instrumented
range divided by the range observed or computed. This Presentation seems
pPreferable since the quantity 1/r itself would contain a minimum of three
zeros between the decimal point and the first significant digit. It is felt
that this could be a source of confusion to the operator. The value of rimip
chosen for instrumentation is determined by the earth's radius minus a
sufficient allowance to: (1) accommodate computation of initial trajectories
which would perigee in the earth, and (2) a sufficient allowance for the phase
angle adjustment (to be explained later). In any case rmip is selected to
cover any possible operational case, plus a margin of safety,

Since the only time a negative range will be encountered is upon
computation of radius of apogee for hyperbolic orbits, only a small portion
of the 1/r negative range need be instrumented. This lower limit will be
determined essentially by the magnitude of eccentricities considered possible
for slightly hyperbolic orbits. Limits on the 1/r inputs will be established
accordingly by means of mechanical stops.

The © and 1/r differentials will be commercial miniature precision
types run at high speed to minimize error. Precision 3 or anti-backlash gear-
ing will be utilized at the low speed inputs to the cosine generators, Potentiomete |
and range rheostats since sensitivity to error is obviously greater at these point:
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It was recognized early in the study that the cosine mechanisms
and the low speed cosire differentials would prove to be the critical sources
of error. A search for components showed that no available commercial
units could provide the accuracy required., As shown in Figure 3-1, the
design will be based on the special fabrication of highly accurate scotch
yoke angle solvers and linear rack differentials. By increasing the carriage
travel to £3 inches, a factor of four over miniature commercially available
units, and by relaxing tolerances only slightly it is believed that the required
accuracy can be aitained. Rugged construction will be utilized to minimize
compliance errors. The improvement to be attained, in effect, puts the
cosine generators and rack differentials about on a par, error-wise, with
the range rheostats and cosine potentiometers.

In order to obtain the maximum in accuracy from the delta reciprocal
range rheostats and the delta cosine potentiometers, a simple operational rule
in the designation of the first and third observations will be utilized. This rule
is interpreted by the operator to mean that data relating to the observation
furthest from earth should be inserted always in the ©], 1/r] channels, while
data corresponding to the minimum range is introduced in the 63, 1/r3 channels
regardless of which observation comes first. This is particularly important
on elliptical flight pathis where observations might normally cover as many as
3, and theoretically even 4 quadrants. This restricts the cosine differences
to a functional range of 2 (from 0 to 2) instead of 4, and the 1/r differences
to a value of 1/rmjn + 1/ry fyperbolic instead of 2/rmin. As noted previously,
the 1/r, hyperbolic term is guite small, making the instrumented range just
slightly larger than the selected value of 1/rmin. Use of this simple opera-
tional rule enables druble accuracy to be obtained from the rheostats and
potentiometers,

The zern resistar.ce point on the rheostats will nominally correspond
to the maximum vazlue of the reciprocal range, noted above as 1/rmin + 1/
hyperbolic, Or the del2 cosine potentiometers the minimum resistance point
will correspend to the maximum value of the cosine differences, +2. Figure 3-2
shows the scaling to be used for the rhecstats and potentiometers. Adjustment
of the phase angle g o2 thz rheostet will be discussed later.

Since it is impraciical {o attempt to use stops at the low speed end
of the cosine trains, and since the © inputs must be left unrestricted through
360 degrees in any case, some other means of instrumenting the reduced
range of the cosine potentiometers must be employed. This will be accom-
plished by erergizing only one-half of a 20 turn center tapped potentiometer
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or utilizing dummy windings on 10 of the turns. It will be necessary to
specify and procure units which can meet the same linearity requirements
over one-half of their range (i.e., 10 turns) as would be needed on a 10
turn potentiometer. This should impose no great difficulty since the
manufacturer needs to maintain the tight linearity only on one half of the
center-tapped potentiometer. This scheme enables the © inputs to cover
any selected angle, 0 to 360 degrees while use of the operational rule
insures that for bridge balancing, the high linearity, energized portion

of the potentiometers will be utilized.

The 1/r potentiometers must also be protected to
prevent damage during bridge balancing when the quantities 1/r3 - 1/r)
or 1/rp - 1/r; momentarily become negative, or in case the operator
forgets to use the operational rule r1>r2>r3. This can be accomplished
by using 20 turn center-tapped rheostats with 1/2 of the windings dummied,

In the bridge circuit, shown in Figure 3-3, voltages proportional
to each side of equation II-4 are generated by multiplying the reciprocals of
the denominators by their respective numerators, The reciprocals of the
denominators are taken by means of linear rheostats driven by shafts
representing the quantities whose reciprocals are desired, The numerators
are taken by linear potentiometers as shown. At null the bridge balance
condition is:

LA M A NS ¥ Y A
/_@*W/A’/ A Sl /kr@]ﬁ/(é-@*ﬁf@

“Las  111-1
(‘r*@

corresponding to:

C05(,-6,)-c05(0, - G)  _  Cos(B3-6)-(0s(0- &) -2

< - 1 4 - L
ra 5 /3 e
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In trimming the bridge it is necessary to set the shaft phase angles
of the rheostats so that the denominators of Equation I1I-1 are linear representa-
tions of the denominators of Equation III-2, This may be accomplished by
adjusting the values of the trim resistors such that

.. ’ /
£ ¢ — /{4/{% and ,(// ’(p’ = — /Ié-jr 5 v
I'Fo /PT + /’\;:u' ¢ '<77' 7 A;

If, for example, the phase angle of the right rheostat is set to bo,
its output will be

Eo = Ar £y . EBB

f/()p + /@r)/(// ¢, ni-3

because the terms K1¢)° and ’FT 5,7_ in Equation III-1 cancel., This provides
T 7 AP

a rheostat output proportional to the reciprocal of the input, as desired.

However, it is also necessary to insure that the net gradients of the two

sides of the bridge are absolutely equivalent. This can be accomplished

without requiring tight absolute linearities on the potentiometers and rheo-

stats, by the following procedure.

First calculate the proper value of ¢y to linearize the denominator
of Equation III-1 using an appropriate value of RT.

}Z'{ _ ‘ K?T/QJP
o - /\V///?T#‘(),p)

In-4

At balance, the following bridge condition will exist if both @ and 00' have
been properly set to provide linear outputs over their range.

K?r{(/zl . ¢¢’: (7' K= . ﬁﬁl
(&r '+ )k7 (& + £p) 4 7
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Next, calling the lumped constants of Equation III-5, C and C' gives

¢’ ? =C—gi_’=

Im-6
The proper value of R is then computed by equating
/L0
C’ = C = /gr '</2
KK '+ K ,/
m-7
and solving for R
} ‘o
Gl LA C
/
A2 - K'C
-8
From this, the proper value of @' is computed as
’ ’
2 - <ML
] (167‘ /+/€’/) I(’/ /
I1-9

The trim resistors Ry and Rp' are installed first. Then the phase angles ¢,
and @o' are set. This is accomplished by setting the 1/r3 and 1/r2 counters
to their maximum readings (. 99999) and the 1/r) counter to the proper value
corresponding to I/rahyperbolic' based on the roller chart scaling which was
tentatively selected as rmin/r.
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Next the shafting to the rheostats is disconnected and the wipers
are rotated back from their zero ohm positions through angles corresponding
to ¢ and @p'. The shafting to the rheostats is reconnected and the procedure
is complete. @o and @Oy’ represent the minimum shaft positions for which
valid bridge balancing can be obtained. The zero point on the rheostat will
now correspond to Iy hyperbolic plus a minimum radius slightly larger than
the originally selected rmin (by the factor ¢, shown in Figure 3-2). This
may be satisfactory or it may simply mean that a new initial value or rmin
be chosen and the procedure starting with the rheostat phase adjustment be
repeated until a satisfactory rmin is achieved. The final value of rmin is
then used to calibrate the roller chart discussed in Section 3.5. The total
of the four adjustments R, ®o, RT' and @o! insures that when @2/¢)1is
set equal to ©2'/®)' by means of the input counters and dials, the bridge
will balance. The cosine potentiometers are set up in a straightforward
fashion such that minimum resistance corresponds to a cosine difference
of +2 and the maximum resistance instrumented to 0.

The same low-voltage battery supplies both sides of the circuit,
and while an extreme decrease in battery voltage will reduce the galvanometer
sensitivity, it will not bias the null indication in either direction.

The output voltages are compared by a zero center galvanometer.
It will be desirable to provide a four scale sensitivity setting, from "High'' to
nLow", rather than the two scale version shown in Figure 2-5. This topic is
further developed in Section 3. 4.

3.4 Component Capability

Component accuracy capabilities for the manual computer have
been assessed and are tabulated in Figure 3-4. All major errors by
component, source, maximum value or spread relative to 1 speed have
been included. Each error is related to a specific€ No. in the error equations
of Section 4. In addition, each is assigned a reference letter showing its
location on computer schematic, Figure 3-5. The lo/errors have been
computed on the basis of the maximum values assuming independent rectangular
distributions for each error. In the following discussion it may be helpful to
refer also to Figure 3-1.

For the gear trains and differentials, backlash is considered the
major and only significant source of error. Precision 3 meshes or anti-
backlash gearing has been used for the trains. Backlash in the © and 1/r
precision differentials has been taken as 10 minutes of arc between end gears
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and related to the IX shafting. In general, for the critical gear train meshes,
a total backlash of . 001 inches has been specified in arriving at the maximum
errors listed, The total backlash is attributable to center distance changes
resulting from total composite error, pitch diameter tolerances, shaft and
bearing eccentricities, etc.

Errors in the cosine mechanisms are caused primarily by bearing,
pin, slot eccentricities, play and compliance under load. The error assigned
of £1/6000 is based on maintaining a tolerance of +, 001 inch over the full
carriage travel of 6 inches (3 inches). These errors are bias type errors
relative to 2 corresponding to the full range of the cosine mechanisms.

Errors in the precision rack differentials of +£1/4000 are based
on a backlash specification of £, 00075 inches over the 0 to +3 inch carriage
travel of these devices. Again these are bias type error corresponding to
the full functional range of 0 to +2 in the differential cosine functions which
results from observing the operational rule r} > ry >r3.

The linearity of the rheostats and potentiometers is specified as
+,02% of full range. The rheostats and potentiometers are assumed to have
total ohmic values in excess of 1000 ohms, which makes a %. 02% linearity
feasible since, in general, tighter linearities can be obtained in the higher
resistance units. Resolution is assumed to be essentially infinite, Errors
Nos. 20-28 are bias taken relative to 1/rp (or 1/6430 KM) for this study,
based on the maximum functional values and range of the 1/r; and

1/rj - 1/rk functions. Again limiting the range of 1/rj - 1/rx to 1/rp
is a result of employing the operational rule described above.

J.

The error of +5 arc seconds assigned to the © input dials and
gearing assumed that a vernier was used on the © input dial. However,
since the results of the study show that this source of error is one of the
least critical, a relaxation in accuracy of dial readout to 15 arc seconds
or so can certainly be tolerated without significant effect on the overall
accuracy.

The +1/40,000 error listed for the 1/r input counters and gearing
is compatible with the use of a four digit (. 0000 to . 9999) counter having a
high speed dial with four graduations between each significant fourth decimal
figure. Here again, results of the study indicated that this is a permissible
accuracy degradation from the five digit, or 1/100, 000 counter described in
Section 3. 3,
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The tolerance on the trim resistor R', discussed under Section 3,2
above, is related as follows to the specified value for the scaling error listed
as error No. 29 in Figure 3-4,

c(rzte )= C’ I1-10

Al - Kc(/te,) ImI-11

/ /
Allowable Tolerance,IA(;—’-_—_— /<// y2J // ‘tf/) —_— /@- I11-12

For the galvanometer a microammeter with a sensitivity
and readout accuracy of 1% will be sufficient for any desired nulling
accuracy. Errors in the bridge, resulting from galvanometer error, can
be made as small as necessary by proper selection of shunt resistances
and other circuit parameters. From the results of the study, it appears
feasible to incorporate the following four sensitivity settings for the gal-
vanometer in terms of the minimum discernable error in I'p, step 2, versus
the full scale values:

"p Corresponding to

Minimum Discernable I'p Corresponding to
Sensitivity Setting Galvanometer Signal Full Scale
High 1 0,1 KM +10 KM
2 +10 KM +1000 KM
3 +1000 KM +100, 000 KM
Low 4 +100, 000 KM 10, 000,000 KM

The corresponding minimum discernable signal in © p on the High scale for step 1
would be less than 10 arc seconds. The other settings on step 1 would scale out
proportionately.
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4. METHOD OF ACCURACY ANALYSIS

4.1 Approach to Accuracy Analysis

The approach used in the accuracy analysis of the manual com-
puter is shown in Figure 4-1. The final result, total errors in perigee radius
and angle, with maneuver, represents the RSS combination of errors in two
categories: (1) total errors assuming no maneuver; (i.e., only computing
the vacuum perigee) and (2) the incremental errors due to the corrective
maneuver computation. (i.e., computing the required change in velocity
direction to alter the vacuum perigee) In turn, each of these subtotals
consists of an RSS combination of hardware errors and errors in concept.
Concept errors for the ''no maneuver'' category are incurred because of the
simplifying assumptions of two body theory and a spherical earth in the
manual computer formulation. The concept errors for the corrective
maneuver computation are the result of assuming a parabolic trajectory
for these calculations. Hardware errors in each category are composed
of inaccuracies in the mechanical and electrical components of the manual
computer and in the input observational data. Inaccuracies in the observa-
tional data is due primarily to inaccuracies in the measuring equipment and
is therefore included in the hardware classification. The RSS summary
results of the error analyses performed in this study are presented in Section 5.

4.2 Notation and Geometry

The notation and geometry used in the accuracy analyses of the
manual computer is presented in Figures 4-2 and 4-3, These figures should
be consulted when necessary in the further discussions of this section.

4.3 Trajectory Input Data and Computations

Trajectory input data for this program was obtained from a NASA
Ames simulation which provided a series of 14 abort trajectories returning
to earth from abort way stations separated in time by about four hours on a
translunar trajectory. Each of these abort trajectories took into account the
gravitational attraction of the sun, moon and earth, including earth oblateness
effects. In addition, each trajectory had been precalculated by Ames to attain
a perigee of 6430 kilometers including these effects. From this set of data,
twenty-four problems for the manual computer accuracy analysis were formu-
lated. These problems are in two groups, each group containing twelve pro-
blems. Four representative abort trajectories were used. These were trajec-
tories numbers 1,2,5 and 14. In each group three problems were prepared for
each of the four trajectories.
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Figure 4 - 3 Geometry for Manual Space Computer Simulation
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The first group contains problems with a fixed corrective maneuver
point which occurs approximately 1/2 hour before perigee. The third obser-
vation point is also fired and occurs about 1 hour before perigee. In this
group the first observation point is varied. For problem No. 1, the first
observation is taken as the first or second point listed following the abort
maneuver. There is one exception in the case of the 14th trajectory where
the first measurement was arbitrarily limited to be within 200, 000 KM of
the earth. For problems 2 and 3, the first observation occurs successively
closer to perigee. The second point is taken so that it divides the angle
between the first and third observations about in half.

The second group contains problems with a fixed first observation
point and a variable corrective maneuver point. The first observation is
always taken at the first or second listed point following the abort maneuver,
except in the case of the 14th trajectory as explained above. The first pro-
blem for each trajectory in Group 2 corresponds to the first problem in
Group 1. Problems 2 and 3 of the second group represent situations where
the corrective maneuver and third observation occur earlier. Apgain the
second point is chosen to bisect approximately, the angle between the first
and third observations.

A problem number is assigned to each of the twenty-four problems
or cases. The first digit indicates the NASA abort trajectory number, 1 to 14.
The second digit is the group number, 1 or 2 and the third digit is the problem
number, 1 to 3. For example, problem numberl..2.3means the third problem
of the first trajectory in group 2.

Figure 4-4 presents the input data for the 24 problems. There are
four points listed in X, Y, Z,r coordinates for each problem. The first three
points represent the three selected observational positions while the radius
to the fourth point represents the chosen radius for the corrective maneuver.
The desired perigee is taken from the NASA data for each trajectory. Figure
4-4 also gives the © a.nd’g angles, which are defined in Figure 4-2. The
© angles are computed from the cartesian coordinates of the NASA data by
means of the following conversion

cos (€; - €)= XiXptViYp+2Z;2Z, V-1

ry l'p



where the subscript i corresponds to a given point, 1=4, of the NASA data
and the subscript p corresponds to the desired perigee taken from the same
data. Inthis program a ficticious reference star is assumed to be located
on the radius vector from the earth's center through the perigee point
actually attained on each orbit., This makes-ei, in equation. IV-1l zero and
facilitates computation of the ©7's. The computation forj is indicated
in Figure 4-2.

Also indicated in Figure 4-4 are the approximate angular differences
between the-8-angles, the initial eccentrity of the orbit,the approximate radius
of apogee if an apogee occurs on that trajectory, and the time differences
between perigee and the third observation and between perigee and the corrective
maneuver.

Figure 4-5 is a sample sheet for a typical problem showing the
program inputs and results of input computations.

4.4 Analysis of Hardware Errors

The simulation sequence matrix and step equations utilized to
determine the effect of hardware errors in this program are indicated in
Figures 4-6 and 4-7.

It will be recalled that the relationship of the & numbers of the
step equations to specific jcf hardware errors is spelled out in Figure 3-5.
A similar relationship between errors in the observations and the & numbers
is provided in Figure 4-8., The lferror in sextant measurements has been
taken as+ 10 arc seconds. Figure 4-8 indicates the steps on which the
observational errors are introduced or removed from the error equations.
This is different from the program used for component errors which are left
in for all steps. Also noted in Figure 4-8 is the computation utilized in the
program to translate a sextant error, eﬁ » into the equivalent range error,

Only one error at a time is evaluated by means of the step equations.
For steps 1-6, the computed value of the unknown, containing any accumulated
errors is carried forward as an insert in the next step.

Although not all the & numbers given in the step equations had a
counterpart in terms of an error ir the manual computer, all were programmed

L6
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Error 1o Reference Affects
Observation Designation Value € Bridge Equations
Steps
_(Note 1) (Note 2)
61 €0, 110 sec €5 1, 2, 3 only
07 €62 " €13 1, 2 only
03 €64 " €3 1 only
31 €r] ep = 110 sec €9 1, 2, 3 only
r) €r, " €18 1, 2 only
ry €xry " €g 1 only
L er_ " €18 3, 4, 5 only
NOTES: 1. €pis the sextant error in measuring B, the angle subtended
by the earth from the point concerned. €r = -ep - I
ctn B/Z. 2
2. Bridge equations and steps are presented in Figure 4-7.

FIGURE 4-8 - Manual Space Computer Schedule of Observational Errors
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using nominal error source values for backup purposes or possible future
reference. This was the case for many of the scale type errors having
the form ( | +€).

In the program, ©p and rp are obtained from steps 1 and 2 and
the errors € ©p and € rp are calculated as the difference between the
nominal values of ©p and rp and those obtained with error. ©p* and rp’
are obtained from steps 5 and 6 of the sequence and the errors € Op’ and
€rp’ are taken relative to the nominal (perfect) solutions for ©p* and rp’.
It is noted that step 6 is used for purposes of error analysis only and has
no counterpart in the actual manual computer operation. From step 6 the
error in perigee radius corresponding to a change in perigee with error
versus a change without error is obtained. The signs of the errors as
printed out are governed by rules which provide an insight into the
relationship of the erroneous solutions relative to the nominal ones.

For example, a negative value for érp indicates that the erroneous solution
for rp resulted in a perigee below (in altitude) that of the nominal solution.
Also, for example, a positive value for €0Op indicates that the erroneous
solution for Op resulted in a perigee ccw from the nominal one (see notation
for ©p, Figure 4-2). This sign convention also applies to the printout of
the two body vs. four and earth oblateness errors, €&rp'" and GQ):'

relative to the NASA data (i.e. the desired perigee) and to the errors due
to the parabolic assumption of corrective maneuver, €rp''' and €Qp*'?,
taken relative to rp! and Op'.

Figures4.9 and 4-10 are sample sheets showing the program
outputs for the nominal solution, indicated by EP(O, O), and for typical
error source inputs., The first number in the parenthesis following the EP
stands for a J number which corresponds to a given € number. A table,
not shown, is needed to relate all the J numbers to the equivalent £ numbers
in the step equations. However, in the cases shown, J1, 2, 6and 7 do
correspondto€1, 2, 6 and 7. The second number in the parenthesis stands
for a K number which is a specific numerical value of the error source in-
put. Each numerical input was evaluated first for its {+) value and then for
its (-) value to test for linearity. This test was supplemented, generally,
by introducing relatively large (+) and (-} error values for the K9 and 10
inputs, For example, K9 and 10 of €1 correspond to a £1. 15% variationin
the bridge trim parameter (14 €1). The results indicate good linearity even
for this rather large error. The same thing is evident for K9 and 10 of € 6
which corresponds to a bias of £0,0058 in the (© 3 - O p) cosine mechanism.
Satisfactory linearity in the results was obtained for all source errors and
problems programmed.
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4.5 Two Body vs. Four Body and Earth Oblateness Effects

Since the NASA abort trajectories contain the four body and
earth oblateness effects, €rp!' and £Op'" are obtained simply by taking
the difference between perigee (rp' and ©p") for those results, and the
nominal perigee (rp and ©p) solution, steps 1 and 2, by the manual
computer. Referring to Figure 4-9, it can be seen that these errors
are printed out as the first two errors on the second line. The error
€ ©.", representing the difference between ©c" of the NASA data and
©. of the manual computer is also printed out although it has no direct
use in the program,

4.6 Errors Due to Parabolic Assumption of Corrective Maneuver

As described in Section 2, the computation of the velocity in-
crement and vehicle orientation for its application is based on the simplify-
ing assumptions of a parabolic trajectory for the corrective maneuver.

The manual computer corrective maneuver computation uses the incremental
change in perigee angle, AGp, which is generated after inserting a desired
change in perigee radius, Arp, in the general conic equation. The velocity
increment AY = VPAB X A is then applied perpendicular to an assumed
parabolic flight path at the selected corrective point. From this it is
assumed that the direction but not the magnitude of velocity vector is
changed, preserving the same level of orbital energy. The simplifying
assumptions made are

a. Lo = Ao, whichis true only if the trajectory is a parabola.

2
b. The vehicle has parabolic (escape) velocity at the correction point.
c. That it is satisfactory to apply the velocity increment normal to

an assumed parabolic trajectory.

The program determines the errors due to these assumptions for
each problem by first calculating the actual perigee (rp'"and ©p") that would
result under two body theory from the application of the computed velocity
increment to the existing nominally computed orbit at the correction point.
These results are then compared with the simulated nominal manual
computer solutions for revised perigee (tvp' and ©p*).
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€ep'"! (©c - ep?) - (Bc -Op') 1IV-2

ep't' - op?
€rp"' = rp'" - rPx v -3

The geometry involved in these error determinations is given in
Figure 4-11.

Inputs to this portion of the program are obtained from the nominal
computed problem solutions. Inputs are op, rp, Oa, ra, O¢, rc, ©p! and
rp'. The following input calculations are performed:

Arp = rp' - rp = rp'pD - TP\ 1IV-4
a =T + Yp v -5
2
e = ra - rp IV-6
ra + rp
ASp = ©p' - Op v -7
AQ = NOp radians 1v-8
2

Next the velocity on the ellipse at the point c is determined by means
of the following equations. This velocity is resolved into its horizontal
and vertical components (refer to Figure 4-12).

- A
cos O = (+) 1 + ecos (O¢ -Gp)] 1v-9
L 2 -TC/y
. 1/2
sin O¢c = 1 - cos®dc j/ Iv-10
2 1 1/2
Ve = (+ £ -2 Iv-11
(+) [p\ (T'c a ) ]
Vpe = Ve sin 0c vV-12
Viuc = Vc cos Oc Iv-13
Oc = (+! tan -! [sin @c Iv-14
cos Oc
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*Ref . Star

Desired Perigee

with Corrective Maneuver
as Computer by Manual
Computer (rpl,8pl)

Actual Perigee Attained
Due to Use of Parabolic
Assumptions of Corrective
Maneuver (rplll, gplll)

Nominal- Computed
Perigee Before
Maneuver (rp, 6p)

(6 - wp!)

(8¢ - ep|) C, Correction Pt.

(ec = eP)

Original Computed
Trajectory

Apogee (rg, 6;)

Figure 4 - 1]

Geomepry for Error Determination
Due to Parabolic Assumption of Corrective Maneuver

pallt




P

Vc Ellipse

<
]
o

]

Perigee

Ve cos O¢

<
X
[}

]

C Correction Point

Computed Trajectory
Before Maneuver

Apogee

Figure &4 - 12

" Resolution of Present Velocity
into Radial and Horizontal Components
for Error Determination of Parabolic Assumption
of Corrective Maneuver
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SR R

Next the magnitude of AV is computed:

VpaB = [i‘i_] 1/2
Te
AV = (+) (Vpap) (a®)

Iv-15

IV-16

where to avoid ambiguity the sign of AV is always taken as positive..
The horizontal and radial components of AV are computed (refer to

Figure 4-13):

AVRC = AV cos (90° -Oc papg)

AVHC AV sin (90° - 0. paB)

Then the new velocity at point c in radial and horizontal components is

VRC"™' =  VRc * AVpg

VHC'" = Vuc * OVHC

Iv-17

Iv-18

Iv-19

IV-20

where the sign of the AV terms is taken relative to the signs + of Arp

(see IV -4).

Vc'Y is obtained.

Ve - EVRC”')Z + (VHCnuz]l/Z

Now since all the trajectories encountered are elliptical, the following

set of equations are utilized to obtain (@c - ©p''*) and rp'‘’.

B = (re) (VHC™)
amm = (rc) (M ) 5

ZL‘ - (VC‘”)I'C
ettt = 1 - (hln)Z 1/2

) (a™)

10t (a'*') 1 - (e''') 2

127

v-21

v -22

Iv-23

Iv-24

IvVv-25



(©c - 6p'"?) = c:os=1 1'"* - rc IV-26
(rc) e'"
rp'' = at (1 - e') Iv-27

The results of equations IV-26 and 27 are utilized in equations IV -2
and 3 to obtain the error sought.

A sample sheet showing program inputs and outputs for the parabolic
assumption analysis is given by Figure 4-14.

4.7 Galvanometer Range and Sensitivity Investigation

In order to obtain an insight into the percentage variation in the
bridge null difference versus percentage variations in the quantities @ p and
rp, the investigation indicated as step 7 of Figure 4-7 was programmed. Of
particular interest are steps 7b and 7c. In step 7b, variations in € 30 (the
null quantity) are obtained versus variations in rp according to note 1. In
step 7c variations in €30 are obtained versus variations in ©p according to
note 1. The information obtained enables one to determine the minimum
discernable error in rp and ©p vs. any desired scale range in these quantities
for a given galvanometer sensitity (say 1%). Figure 4-15 is a sample sheet
showing the program outputs for step 7, at the bottom. The top two lines of
sixteen numbers correspond to the outputs of step 7a for the sixteen indicated
values of AOp in note 1, in the order stated. The third and fourth lines of
16 numbers for €30 correspond to step 7b and the noted variations in Arp.
The same applies for the fifth and sixth lines and step 7c.

4.8 Alternate Counter Investigation

As part of this study, the feasibility of increasing accuracy by includir
alternate counters at the output of the (03 - Op) differential or at the output of
the (©3 - @p) cosine mechanism was investigated. The idea was to minimize
error by bypassing these components on step 2 when ©3 is matched to ©p.
Similar counters were investigated for the operations of step 4 where Q) is
equatedto©@a = © p + 180°. However, since it was found that no improvement
in accuracy could be obtained (due to the fact that the cosine function is insensiti
to errors around zero and 180° anyway), details and results of this investigation
have been omitted in this report.,
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5. RESULTS OF ACCURACY ANALYSIS

The results of the accuracy analysis for the twenty-four cases
studied are presented in Figures 5-1 to 5-24. All computations and
combinations of the errors presented have been accomplished in the
manner described in Section 4. All results are based onl values.

These twenty-four sets of results are based on four representa-
tive trajectories chosen from a group of 14 translunar abort trajectories
simulated by NASA, Ames. The trajectories chosen are numbers 1, 2,
5 and 14 with initial abort eccentricities and radial distances from the
earth, respectively of 0.80, 0.88, 0,93, 0.99; 40, 000 km, 90, 000 km,
180, 000 km, 355, 000 kmm. Results from trajectory number 1 are
given in Figures 5-1to 5- 3 and 5-13te 5-15; those from trajectory
number 2 are given in Figures 5-4to 5-6 and 5-16to 5-18; those from
number 5 in Figures 5-7to 5- 9 and 5~ 19t0 5 21; and those from number
14 in Figures 5-10to5-12 and 5-2ZZto 5-24. A three digit identification
has been assigned to each problem. The first digit of the problem
number indicates the number of the abort trajectory.

‘The results are presented in two groups as indicated by the sec-
ond digit of the problem number. Group 1l results are contained in
Figures 5-1 to 5-12 and group 2 in Figures 5-13 to 5-24, Each group
contains three cases from each of the four trajectories. The group 1
problems have fixed corrective maneuver and third observation points
for each trajectory while the first and second observation points are
varied. For group 2, the first observation point is fixed for each
trajectory, while the second and third observation points and the cor-
rective maneuver point are varied, For each trajectory, the first
case presented from group 1 is identical to the first group 2 problem
and therefore there are really only 20 different cases presented on
figures 5-1 through 5-24. The location of the various observational
and corrective maneuver points for all cases is given on Figure 4-4
in Section 4,

The data in Figures 5-1 to 5-24 are presented in three categories
of perigee errors, The first column contains the errors assuming no
corrective maneuver computation. The second column gives the

5-1




incremental errors due to the computation of the corrective maneuver.
The third column gives the RSS combination of the first two columns
and represents the total error with a maneuver computation,

Four types of errors are presented, two of which are due to
errors in concept and two of which are hardware type errors, The
concept errors are (1) the two body vs., four body and earth oblateness
effects and (2) the error due to the parabolic assumption for the
corrective maneuver, The hardware errors are divided into errors
in the observations and the instrumentation errors. The seven listed
observational errors are based on the schedule of errors given in
Figure 4.8, The sources and magnitudes of the thirty instrumentation
errors are given in Section 3, Figure 374,
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6. DISCUSSION OF THE ACCURACY ANALYSIS RESULTS

Graphs of the total errors in perigee for each problem of Section 5
versus the angular difference between the first and third observations
(©3 - ©)) are shown in Figures 6-1to 6-4. Figures 6-1 and 6-2 are the
plots for the Group 1 errors in perigee radius and angle, and 6~3 and
64 are those for Group 2. All data presented are based on 1 6 values.

The data for the Group 1 errors shown on Figures 6-1 and 6~2 indicate
a very clear cut relationship between total error and the total sweep angle
over which observations are made. These curves present the overall
effect of starting to make the observations later on the trajectory with the
locations of the last observation and the corrective maneuver fixed, It
should be noted that all the points fall on a single curve very closely despite
the facts that:

(a) the data was taken from four different trajectories whose
eccentricities vary from 0.80 to 0.99 and

(b) the locations of the second or middle observations were, for the
various cases, only approximately at the center of the sweep angle
between the first and third observations.

Preliminary studies of accuracy had indicated that the optimum selection
for the middle observation is at the sweep angle midpoint. Slight deviations
of the location of this second observation from optimum has only a small
second order influence on overall accuracy. In all the cases presented,
the actual location of the second observation was generally only roughly at the
angular midpoint between the first and third observation. (See Figure 44
in Section 4.)

The overall accuracy results for the first group of cases (Figures 6-1
and 6-2) clearly show that accuracy is significantly enhanced by making the
first observation as soon as possible. Similarly, as shown on Figures 6-3
and 6-4, the data from the Group 2 errors clearly show that accuracy is
significantly enhanced by making the third observation as late as possible.
For this latter group, families of curves have been drawn on Figures 6-3
and 6-4, each curve corresponding to the data for each trajectory. With
each trajectory, the first observation is kept fixed and the corrective maneu-
ver point is altered with corresponding changes in the second and third obser-
vational points. For the purpose of comparison, the curves of Figures 6-1.
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and 6.2 are repeated on Figures 6-3 and 6-4 respectively as dashed lines.

Thus, as is shown on all these curves, while it is critically important
to have the spread of observations over as large an angle as possible,
accuracy of perigee radius is influenced even more by the location of the last
observation than it is by the location of the first cbservation. Of course,
choice in selecting the point for the third observation is very much limited by
practical considerations governing the time required to prepare and execute
the corrective maneuver, the amount of fuel available, and the time required
to prepare for reentry. It seems reasonable to require a minimum of thirty
minutes between the corrective maneuver and perigee and a similar minimum
interval between the third observation and the corrective maneuver. These
limits correspond to the points selected in Group I.

It is obvious, from the Group 2 results, that accuracy is degraded con-
siderably as the time for the corrective maneuver is made earlier. The de-
gradation is the direct result, primarily, of having to move back the time
of the third observation by a corresponding interval. This is clearly shown
on Figure 6-5 which shows the relationships, for the four trajectories,
between total error in perigee radius and the time between the last observa-
tion and perigee.

Certain general conclusions may be made regarding the overall accuracy
capability of the manual computer. The accuracy is better with the lower
eccentricity abort trajectories simply because it allows for a wider sweep
angle for the observatiors. For € <= (.80, the best overall perigee
accuracy of about 16 km was obtained. The most nearly parabolic trajectory
( & = 0.99) gave an accuracy of about 40 km. For this trajectory, the
fir st measurement was (arbitrarily) limited to be within 200,000 km of the
earth which in turn resulted in only about 4,76 km error due to the two body
theoretical basis for the computer. By allowing this latter error to be
greater and therefore making the first measurement further from the earth
(260, 00 km), about four more degrees of total sweep angle would be obtained
with near parabolic trajectories. This would improve the accuracy to about
35 km. (See Figure €-1).

Thus, overall, accuracy of from 16 to 35 km in perigee radius is obtained,
This is total error, including both perigee and maneuvering computations,
both equipment and theoretical model errors and both input data and computer
mechanization errors. Consider, for representative cases, the composition
of the total error in perigee radius. For this purpose, take cases 1.1.1,
5.1.1, and 5.1.3. These are summarized on Figure 6-6.
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Error in Perigee Radius (Km)

Problem No.

Error Category 1.1.1 5.1.1 5.1.3
Assuming Two body vs four body 3.74 4.59 3.01
no and earth oblateness.
Maneuver
Observational 1.47 2. 77 4,27
Instrumentation 11.43 22.44 34,30
Total-no maneuver 12.11 23.07 34,70
Increment Observational 1.20 1.21 1.23
due to
Maneuver Instrumentation 9, 06 8.77 8.83
Computation
Parabolic Assumption
of Corrective Maneuver 0.60 0.24 0.15
Total~increment 9.90 9,98 9.41
With Observational T.90 3.03 4,45
Maneuver
Instrumentation 14.58 24, 09 35.42
Theoretical 3.79 4,60 3,01
Total 15.64 25.14 35.95

Figure 6-6. Error Composition in Representative Problems
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From an examination of Figure6-6 , some general facts are noted.
The instrumentation errors of the manual computer are the dominant
cause of perigee error. The instrumentation errors consistently cause
about eight times as much error in perigee as do the errors in the
observational input data.

The effects of the theoretical errors of the computer mechanization,
i.e., the two body assumptions in computing the vacuum perigee and the
parabolic assumption in computing the corrective maneuver, are consis-
tently small, between 3 and 5 km. error in perigee. Besides, by means of
pre-computed tables, these effects could, if necessary, be removed by the
operator in using the manual computer.

The incremental total error in perigee radius due to the corrective
maneuver computation is roughly the same for all cases, about 10 km.
When added, RSS, to the perigee error assuming no maneuver, this affects
overall accuracy by only a small amount. For the largest error case shown
on Figure 6-6 (case 5.1.3), the net incremental increase due to the maneu-
ver is from 34.7 km to about 36.0 km or about 4%.

A detailed examination of the instrumentation errors indicated on
Figures 5-1 through 5-24 in Section 5 shows that error is significantly
contributed by the various components, both mechanical and electrical,
throughout the manual computer instrumentation. As would be expected,
almost all of the error comes from the components operating at one speed;
i.e, input dials and gearing operating at high gear ratios contribute very
little error. By way of 1llustration, consider the instrumentation €rTors
assumming no maneuver for case 5.1.3 shown on Figure 5-9. All 30 errors
R.S.S. to a total error in perigee of 34.3 km. Four of the errors contribute
more than 10 km each, two being mechanical components and two electrical
components. These components contributing most to the total instrumentation
error are: (1) a cosine mechanism; (2) a rack differential driven by two
cosine mechanisms; (3) a potentiometer driven by a rack differential; and
(4) a rheostat driven by the differential of two reciprocal ranges. This
general breakdown of the instrumentaticn errors is quite typical of all 20 cases
presented in Section 5.

It should be noted that all of the four largest contributors to the instru-
mentation errors discussed above are components that are used to process
information taken at the second or middie observation. This is consistent
with the breskdown of the effect of input data errors on the error in perigee
radius. Generally, input data errors from the second observation have a
greater effect than observational errors from the first and third readings.
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APPENDIX A

Manual Space Computer Error Analysis Program

Introduction

Pages 4 thru 23 of this appendix comprise the Fortran program written

to perform this Error Analysis.

The following table describes briefly by

page and Fortran statement numbers the execution of the program.,

Pages Statements Function
1 Thru 215 Read Inputs or Observation Poihts, Errors,
Run ID, etc.
1 From 215 Initialization
2 to 391 Compute Theta, Cos Theta, Beta,
2-4 37-123 Select Error Source and Value from Input
Matrix
4-6 40-712 Compute Results Obtained by Manual Computer
6 72-766 Compute Perigee Radius of Corrective
Maneuver
6 77-78 Compute Miscellaneous Error Terms
779-8100 Save Those Results Needed for Summary
QOutput Tabulation
7-8 290-311 Write Detailed Qutput Tape
8 132-135 Compute Galvanometer Range and Accuracy
8-9 5000-4145 Compute required Change in Velocity and
direction to achieve desired perigee
9-10 4150-1590 Write Qutput Tape
10-20 13999-End Write Summary Output Tape to Produce

RSS Error Tabulation -

Following the program are the operating instructions required to compile

and execute the program.




APPENDIX A

2.

3.

4.

Manual Space Computer Error Analysis Program

Operating Instructions

This program may be compiled and executed on any IBM 7090/7094
with a 32000 word storage capacity.

The program is written in the Fortran 1I language.

The program reads input data from logical tape 5 and writes
output on logical tape 6 and on the on=line printer.

The END card of the program is followed immediately by a DATA
card and then the following input information:

1st card

2nd thru 43rd cards

44th thru 47th cards

48th thru 51st cards

52nd card
53rd card
54th c ard
55th c ard
56th card
57th card
58th card
59th card
60th card
61st card
etc.

pumber of runs (1 to 99)

ten variations of each of twenty-one
error sources

twenty variations to nominal perigee
radius used to determine the accuracy of
the galvanometer throughout its range.

twenty variations to nominal perigee
angle used to establish the required range
of the galvanometer,

Problem identification (1st problem)
X, V, Z, r of 1st observation point (KM)
1t an 1" 11 11
13 3rd H 1" 11
i corrective maneuver point (KM)
" desired perigee point (KM)
quadrant of first observation point
problem identification (2nd problem)
X, Y, 2, r of 1st observation point (KM)
1" 1 an 3 11 1t

Successive runs may be made by simply adding a set of seven cards per
run corresponding to cards 52 thru 58.

A2
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5.

The field widths on these input cards are as specified by the format
statements in the program. (See statements 199, 200, 201, 202, and

215)

The program has three sense switches to control the output as desired.

5.1

5.2

5.3

5.4

Sense Switch 6 - When only this switch is down, just the RSS
summary output is produced. (See figure 5.1).

Sense Switch 5 -~ If only this switch is down, only the more
detailed output from which the RSS summary was derived, is
produced. (See figures 4.5, 4.9, and 4.14)

If both switches 5 and 6 are down, both of the above types of
output will be produced.

Sense Switch 4 - Normally the computer will halt after each
run to allow the operator to reset switches 5 and 6 for the next
run.  If switch 4 is down the computer will not halt between
runs. If many runs are to be made with the same type output
desired on each, swiich 4 should be down.

When printing the output tape under program control, the printer should
be under the control of a computer which will recognize the following
carriage control characters in the first print wheel position,

1 Restore page before printing

Blank Single space after printing

0 Double space after printing
+ No space after printing.
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MSCEA  MANUAL SPACE CCMPUTER ERRCR ANALYSIS

ERRLF(A)=A/(3600.457.2957795)
ERR2F(A)=A/RP
ERR3IF(A,B,C)==-A2B/2.2COSF{C)/SINFI(C)
DIMENSICON RERP(36) ,RETHP(36) ,RERPP(36) RETHPP(36),RSS{4)}
DIMENSION BETA{&)R(5),THETA(4),X{5),Y(5)52(5),CCSTH(A),
1EP(30,10) s THETAD(4),EP22(16)4EN{16),DTP(16),GAMMAL4),EPB(16]
CIMENSICN ALPHA(3),ERRIFU(1),ERR2F (1) +ERR3F(1),IDRUN{4]
CIMENSIGN EP30(16),DELP(16)
READ INPUT TAPE 5,215,NCRUN
READ INPUT TAPE 5,201, (({EP(JeK) oK=1410) ¢J=1,213,(EPB(1),1I=1,20),
1(CTPLX},1%1,20)
1000 READ INPUT TAPE 5,199,IDRUN
READ INPUT TAPE 5,200, IXIT) o Y{IVNoZ IV oRIIIoI=144) 9 XPoYP,ZPRP
READ INPUT TAPE 5,202 ,NCUAD
199 FCRMAT (4A6)
20C FORMAY (4E18.3)
2061 FORMAT (5E14.0)
202 FORMAT (I11)
202 FCRMAT (6&¢H1 MANUAL SPACE COMPUTER ERR
10R ANALYSIS)
204 FCRMAT (1H ,78X&A6,8XSHPAGE 13//)
205 FORMAT{1H ,4E18.7)

206 FORMAT (117H X (KM) Y (KM) Z iKkm)
1 R (KM) THETA (DEG) CCS THETA BETA (CEG) 1171

207 FORMAT(118H ERROR THETA(P) R(P) THETALC
1} R{A) THETA(P)P +DELTA RI(P) -CELTA R{P)}/ )

208 FCRMAT(&H +TEL15.7//)

20S FCRMAY (117H E(THP)PP E(RPIPP. E(THC
1)pP E(THP) E(RP) E(THPIP E(RP)P 17}

210 FCRMAT(EH EPU51251Hy¢12,4H) +TE15.T/15H + TE15.7/
/)

212 FCRMAT(BE15.7)

213 FCRMAT(3BH DESIRED PERIGEE PCSITION FOLLOWS//)

214 FCRMAT (6X4E15.7)
215 FORMAT (12)

CCKPUTE BETA, THE ANGLE SUBTENDED BY THE EARTH

1 NPAGE=Q
p=1
RSS(1)=C.
RSS(2)=0.
RS§S(3)=C.
RSS(4)=0C.
LINES=0
E3=0
E13=0
ElS=0
E5=0
DRP=0
ERPP=0
RNOM1=0
THC=0
THP=0
THPP=C
ETHPPP=(
ETHCPP=(

A-h
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MSCE

1¢C

1%
1¢
17
2C
21

25
2C

32
32
34

3¢
3%0

12
361

37
38

100
101

102

102

PAGE 2
A MANUAL SPACE COMPUTER ERROR ANALYSIS 2/714/64

ETHP=C

ETHPP=0

RE=€371.229

DC 101I=1.4

CAMMA(L)= ATANF(RE/SQRTF(R(I)ea2-REws2)]}
BETA(I)=2,9GARFAL])

BETA(1)=57.2957TT95 s BETA(])

CCMPUTE THETA, THE ANGULAR COCRDINATE OF THE VEHICLE
THEETA{I)=ATANF{SQRTF((R{I)oRP)ea2~(X(1)eXP+Y(1)aYP2+2(1)eZP)ea2)})/
1(X{I)sXP+Y(]I)nYP+Z(]I)eZP))

CETERMINE PROPER QUADRANT OF THETAS IF QUAD OF THETAL1l) IS GIVEN
I=1

IF{THETA{1)}16,20,20

IFINQUAD~-2) 17,255,999

THEETA(I)=THETA(I)+43.14159265

60 710 3¢

IF (NQUAD~-3) 30,599,21

THETA(I )=-THETA(1146.2831853
THETA(I)=-THETA(1)43.14159265

CC 33 1=1,2

ALPHA(I )=ATANF{SOQRTF((R(IJ=R(I+1))ou2=-(X(I)eX(I+1)eY(I)uY(1e1)
14201)=Z(141))2e2) /(X 1) eX(I41)4Y(I)aY(I¢1)+2Z(1)eZ(141)))
IF (ALPHA(1))32,33,33

ALPHA(I)=ALPHA[I}+3,.14159265
TEETA(I+41)=THETA{I)+ALPHA(])

I=1

IF (THETA(I43))36,34,34
THETA(143)=-THETA{1+3)46,2831853

6C 10 30

TRETA(I43)=-THETA{1+3)+3,.14159265

CC 391 I=1,4

CCMPUTE THE COSINES OF THE THETA ANGLES
COSTHUI)=COSFITHETA(I))

THETAC(1)=57.295T795s THETA(I)

J=C

K=0

60 TO 4C

CC 12¢& J=1,28

CC 128 Kk=1,1C

6C YO (10€,101,102,103,104,105,106,107,108,109,110,1113,112,
1113,114,115,1156,118,115,120,121,1211,1212,1212,1214,162,1€4,166),J
EI1=EP(J K}

60 T0 122

El=0

EZ2=EP(J.K)

6C TO 122

Ez=0

E3=ERRIF(EP(J,K))

6C 70 122

E32=C

E4=EP(J,K)

El4=E4

6C 70 122

104 E4=C

Elé4=0
ES=ERRLIF(EP(J,4K))
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105

10¢

107

108

109

11¢C

111

112

112

114

115

11¢

118

119

MANUAL SPACE CCMPUTER ERROR ANALYSIS

E15=ES

6C TO 122

EE=0

E15=0

E=EP(JoK)

G0 70 122

E¢=0

E1=EP(JyK)

6C TO 122

ET1=C
EE=ERRIF(EP(J¢K))
EESERR3F(EB,R(3),GAVMA(3))
SAVE1=ES@

G0 TC 122

E€=C
ES=ERRLIF(EP(JsK)}
E9=ERRIF(EY,RI1) ,GAMMA(L))
SAVE2=ES

E19=ES

GC TC 122

E9=0C

E18=0
E10=ERR2F{EP(J,4K))
GC 70 122

EiC=C

E11=EP(JyK)

GC TO0 122

Ell=0

E12=2EP(J4K)

GC TO 122

€12=C

E13=ERRIF(EP (J4K))
GG 10 122

El3=C
E2=ERRIF(EP(3,K))
SENSE LIGRT 1

6C 10 122
E2=ERRIF(EP(3,K)}))
E¢=C

SENSE LIGKT 2

6C 1O 122

E2=0

E€=0

E16=EP(J,K)

60 TO 122

El6=0

E17=EP(JyK)

6C 10 122

E17=0
E18=ERRLIF(EP(J4K))
E1E€=ERR2F(E184R(2),GANFAL2))
SAVE3=Ei8

GC 10 122

El18=0

EZC=ERR2F (EP(J,yK))
GC TO 122

A-6
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120

121

1211

1212

1213

1214

164

16¢

122
123

c
4G

A PAKUAL SPACE CCFPUTER ERRCR ANALYSIS

ES=ERRIF(EP(5,K)})

€15=ES

Eé=C.

E1€=0.

E<C=0

SENSE LIGHT 4

6C 10 122

ES=ERRIF(EP(5,K))

E1%=ES

Eé=C

E16=0

SENSE LIGHT 3

6C 1O 122

ES=C

El1s=C

E 1 8=C.

KCB=1

GC TC 40

NCB=C

Ele=0

E3=ERRIF(EP{E,KX))

6C TO &C

gE2=C

ES=cRRIFLEP(E,4K]))

E15=E¢

GC TC &C

Es=C

£15=C

E12=ERRIF(EP{E,K))

CC 10 4C

E€=EP(6+K)

Eie=E¢

E13=0

6C 1C 4C

E€=C

Eie=C

E1C=ERRZFIEP(10:K))

EZOsEiC

IF(ELC) 4C,128,4C

EiC=C

E2C=C

E2=ERRIF(EP(3,K))

EE=E3

E1S=E2

E13=g2

6C TO 4¢C

IF(EPLJ,K)) 40,123,40

GC 70 (12&€,128,128,128,128,128,128,128,128,128,128,128,128,40,
14C 41285128,412R,128,4C+40:4C940,4C940540,4044C),J
CCMPUTE THETA(P) THP wITH NC ERRCR
C=1.
RR={{(C4ETI/(CAEL) I (R(1)4ES=R(3)-EEI/((R{IIF+EBI=(RI1I+ETII+ELO/
LIC+EL1)I/C{(CHELITI/(C+ELL) ) (R(1DIHELS-RI2)-E1B)I/ULR(L1D4ELD)Ia(RI(2)¢
2E18))+EZO0/(C+E1Y))

1=1
THP=ATANF((E6+IC4E2)aCCSF(THETA(I42)4E3)-(C+E4)=CCSF{THETA(I)+ES)~

PAGE 4
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MSCEA  MANUAL SPACE CCMPUTER ERRCR ANALYSIS 2/14/64

IRR® (E1&+(C+E12)#CCSF{THETA{I+1)+EL3)=(C+EL14)aCOSF{THETA(T)+ELS)) )/
2(RR®((C+E12)SINF(THETA(I+1)4E13)-(C+E14)+SINF(THETA(II+ELE) )~
3(C+E2)aSINFITHETA(I+2)+E3)+ (C+E4)»SINF(THETA(I}+ES)))
Ee=C
IP. (J-22) 410,409,410
409 E2=0
410 IF (THP) 411,41,41
411 TEP=THP+6.2£31853
41 IF(SENSE LIGHT 1) 43,42
42 IF(SENSE LIGHT 2)44,4%
43 E3=ERRIF(EP{J,yK)})
GC TO 4%
44 E2=C
E¢sERRIFLEP(JyK})
SUBSTITUTE THP FOR THETA(3) AND SCLVE FOR RPC
4% A={(CHET)*(C+E11)s((C+E12)=2COSF(THETA(I+1)+E13~THP)-(C+E14)=COSF
1(THETA{I)4E15=THP)+E16COSF{THP)) )/ ((CH+ELT)«(CHEL)#({{R(1)+E1T)~-
2(R(2)4E18)3/((R{2)+E1EI={R(1I4ELG))I+E20/(C+ELT)I={(C+E2)#CCSF(E2)
3= (C4E4)%CCSF(THETA(I)4ES~THP)+E6*CCSF(TEP)))
RPC==EB84 ( (CH+ET)#(RI1)+E9} A}/ L(R(1I+ED)«(C+ET)+(CH+ET-E1O#R(])
1=-E1C=ES)eA)
E1€=0
IFINCR) 452,452,451
451 E18=ERR1F{EP(18,K))
E18=ERR2F(E184R{4)GANNMA(4])
SAVE4=E]18
IF(E18) 452,128,452
452 1F(J-25) 455,454,455
454 E13=0
455 CRP=RP=-RPC
CCMPUTE ANGULAR PCSITICN CF CCRRECTICN PCINT
Ba{({C+ET)/(C+EL))a{(R(1L)+ES-RPC~-EB)/ ((RPC+EB)}#(R(1)4ES))I+ELIC/
1(C+E1))»(C+EL2) /L {(C+ELT) 7(C+ELL) ) #((R(1)+E9-R{4)-E1B)/((R(1)+ET)=
2(R{4)+E18)))+E20/(C+ELL))
CTHC=({C+E2)#COSF(E3)-(C+E4)#COSF(TRETA{I)+ES-THP)+E6=COSF(THP))/8
14(C+E14)=COSF(THETA{I)+E15-THP)/(C+E12)-E16#CCSFITEP)
STHC=SQRTF{C~-CTHC=+2)
THC=ATANF(STHC/CTKC)
ES=0
E1S=0
IF(J-24) 46C:457,480
457 ES=C
£15=0
46C IFUTHC) A€,47,47
4€ THEC=-THC+3.141592¢€5
G6C TO 4¢&
47 TEC=-THC+6.2831852
48 THC=THC-E13+THP
IF{THC-¢€.2831853) 52,5C+50
50 THEC=THC-6.,2E31853
52 IF{SENSE LIGHT 3)55,53
53 IF(SENSE LIGHT 4)57.,62
55 ES=ERRIF(EP(J,X))
E15=E£5
6C 10 62
57 ES=C
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€E15=0
E1€=ERRIF(EP(J,K)})
E&=ElE
CCMPUTE RADIUS OF APOGEE )
62 CE{(C+E11)e({C+E12)sCCSFITHCH+EL3~-THP)~(C+E14)eCOSF(3,14159265+4E15)
14E1€6COSFUTHP )}/ (C+EL1 )= ((CH+E2) «COSF(E3)-(C+E4)=COSF(3.14159265¢
2ES)+E€+COSFITHP)))
RA={De (C+ET)}~(C+E1TV) /{ELO=C—E20+D=(C+ET}/ (RPCHEB)-ICHELIT )/
1(R(4)+EB))-EY9
6% IF(RA-1COCO000C.) 65+£67+67
CHEANGE APCGEE AND PERIGEE BY DELTA R AND COMPUTE THPP
6% F=({(C+E17)#{(RA-DRP +EL19-R(4)-E18)/({R(4)4+E1B)«{RA-DRY +E319)))
J4E20)/{(CHET)«{{RA-DRP  <+ES-RPC~DRP -EB8)/{{RPCH+DRP+EB)=(RA-
2CRP +ES)))+E10)
60 TO 69
€7 SENSE LIGHT 1
GC T0 65
€9 CTHPP=(Fe({C+E1}/(C+E11))o((CH+E2)2CCSFIE3)-(C+E4)=COSF(3.14159265
I4ES)GEGoCCSF{THP) ) +{C+E14)eCCSF(3.,141592654E15)-E16=CCSFITHP))
2/7(C+E12)
STHPP=SCRTF(C-CTHPPes2)
TEPP=ATANF (STHPP/CTHPF)
IF(THPP) 70,711,711
70 THPP=THPP+2.141592¢65
60 10 711
711 THPP=THPP4+TEC+E123
IF(THPP-6.28316853) 72,712,712
T12 THEPP=THPP-€.28318%53
72 TF(RNCM1)7¢€,75,76
75 RNOK1=RPC
RNOM2=THC
RACNM3=RA
RNOM4A=THPP
RRCM=THP
CCHPUTE CHANGE IN PERIGEE
7€ 6=(COSF{RNCFZ2-THPP)+1.}/2.
IF (SENSE LIGHT 1) 7664765
765 BB=RNCM1-RNCM3+R({4)%(C-2.,%G) .
CC=—(RNCM1# (RNCK3-R(4))-Ge#R{4}»(RNCF3-RNCK1})
CRPMIs-RB/2.~ SCQRTIF((BBlee2-4,2CC)/2,
CRPPL=~BB/2.+ SQRTF((BB)ex2-4.3(C)/2.
GC 10 77
76¢ CRPMI=R(4)«G-RPC
CRPPL=C
MISCELLANECUS CALCULATICNS
1T IF(RNCM~-3,14159265) T711,7711,1T71
T71 ETHPPP=RNCM-6.2831853
€C 10 772

7711 ETHPPP=RNOM

772 ERPPP=~-RP4+RNCF1
I=1
ETHCPP=RNOF2-THETA(I+2)
ETHP=THP=-RNCN
IF(ETEP) T721,773,7725

1721
722

IF(ETEP+3.14159265) T722,773,713
ETHP=ETFPeE. 2831852
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1725
1727
173

T4
715

778
177
718

78

178
78¢C

78CC
782C
784C
785C
787C
788C
7890
792C
195¢C
197¢C
198C
802¢
8C30
804C
8050
80¢4¢C
€07C
80scC
8200

8100
290
30C

308

MANUAL SPACE CCMPUTER ERROR ANALYSIS

6c TC 773

IF(ETEP-3.14159265) 773,773,1727
ETHP=ETHP-£.26831853
ERP=RPC~RNCN1

ETHPP=THPP-RNON4

IFLETHPP) 774,778,776
IF(ETHPP+3.14156265) 775,778,778
ETHPP=6,28318534ETHPP

€C T0 778

IF(ETHPP-2.14159265) 778,778,777
ETHPP=ETHPP-£€.2831853
ERPP=CRPMI+ERPPP

C1=57.2557195

THC=C1# THC

THP=C1® THP

THPP=C1eTHPP

ETHPPP=C1sETHPPP
ETHCPP=CleETHCPP

ETHP=C1#ETHP

ETHPP=C1eETHPP

IF (SENSE SalITCH €) 779,290

IF (J) T8C4E1C0,760

6Cc 10 (718CC,810C,7820,8100,7840,785C,8100,7870,7880,7890,E100,
1810C,1920,61€0,81CC,795C,81C0,7970,7980+8100,8100,8020,8030,8040,
28C£C,28060,8CTC,8CEC),J

GC
6C
GC
GO
GC
6C
6C
€0
6C
GC
G0
6C
cC
6C
6C
6C
GC
GC

T0
70
10
1C
16
T0
T0
T0
T0
T0
T0
1C
T0
T0
70
T0
T0
10

{82c06,21€C,8100,2100,8100,810C,8100,810C+81C0,8100),K
(ea2cc,81Cc0,8200,8106C,8200,810C,8100,8100,810C,8100),K
(e2cc,€10Cc,8€200,810¢,8200,810€,810C,81200,810C,8100),K
(g2cC,81€C,€200,68100,8200,8100,8200,8100+481C0,8100)4K
(e2cc,810C,21006,810C,81CC,48100,8100481CC48100,810C),K
(e2¢c0,8100,8100,8100,8100,810C48100,8100,8100,8100),K
(g2¢c,8100,8200,81C0,8200,810C,8200,810C,81C0C»810C),K
(e2cc,810C,8200,8100,€20C,810C+8100,810G,81CC,8100)4K
(e2cc,81C00,8200,8100,82CC,810C,8200,810C,810C,€100),K
(82¢C,810C,8100,81CC,81CC»810C+8100,810C48100,8100}),K
(e2cc,810C,€200,81C0,8200,810C,8200,8100,8100,8100),K
(ezcc,8100,8100,€100,8100,810C,8100,8100581C0,82CC) 4K
(e2cc,21006,8100,£10C,81004810C¢8100+81CC»8100,8iCC)4K
te2cc,8100,8100,81€0,8106,810C,8100,8100,8100,8200),K
(e2¢C,8160,8100,8100,8100,810C,8100,810C,8100,81C0),K
{e820C,8100,8100,8100,8100,819C98100,810C+8100,8100})+K
(e200,810C,8100,8100,8100,810C,8100,8100,8100,8100)+K

(e2¢¢,8100,8100,8100,8100,8200,8100,8100,8100,8100),K

RERP(M)=ERP
RERPP(M)=ERPP
RETEP(M)=ETHP
RETHPPINM)=ETKHPP
M=p+l
IF (SENSE SXITCH 5) 2SC,80
IF(LINES-2) 300,3CC,y312
NPAGE=NPAGE+1

WRITE OUTPUT TAPE £,203

WRITE OUTPUT TAPE €,2C4,IDRUNINPAGE
LINES=2

IF(NPAGE-1)305,205,31C

WRITE OUTPUT TAPE 6y2Cc
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RRITE OLTPUT TAPE €92CEo{XII)oY(I)oZUL)4RIT),THETACII)(CCSTHIT),
1BETA(1),I=1,4)
WRITE OUTPUT TAPE 6,213
WRITE OUTPUT TAPE €,214,XP,YP,ZP4RP
6C TO 3C0
31C LINES=LINES+2
KRITE CUTPUT TAPE 6,2C7
WRITE OUTPUT TAPE €,2C9
312 WRITE OUTPUT TAPE 6.ZIC:JpK'THP'RPCQYHC.RA.THPP.CRPPL.CRP!!.
1ETHPPP o ERPPPETHCPP .ETHPLERP, ETHPPERPP
LINES=LINES+3
IF(LINES-%54)8C,80,211
311 LINES=C
80 IF{J~1) 37,128,128
128 CONTINUE
999 6C 1O 122
132 £C 135 1=1,16
J=1
h‘R(l)'R(Z)'(COSF(IHETA(J*I)-RNCH)'CCSF(THET‘(J)'“RC")/(R(l)’
1R(2))
EPZZ(I"H-‘RNCPl*EPB(x,,GR(I,'(C’CCSF(THETA(J)’RNUH,,/(R(:)‘
1RNOM1-EPE(]1)])
CELPIIN=ERRIF(DTP(I))
HP=R(1)&R(2)8 (CCSF{THETA(J+1)-RNCF-CELP(1))-CCSF{THETA(JI}-CELP(I)~
1IRNCVMIM/LR(1)=-R(2))
EP3C(I)=HP~R(LIR(2) = (CCSFITHETALJ42)-CELP{I)-RNCHFI-CCSFITHETALJ)-
ICELPUI)-RNOVM)II/Z{R{1)-R(3)})
13¢ EN(I)*R(I"RNCNI'(C'CCSF(T“ET‘(J"RKO”‘DELP(!'))/(“(l)'RNCFX’-R(I)
I‘R(Z).(CQSF(THETA(J*I"RKCF’DELP(I,)‘CDS?(THETA(J)’RNC“-CELP(I)))/
2(R(1)-R(2))
RAC=57.29577195
RA=RNCHM2
RC=R(4)
RPP=RP
RP=RNCHMI
TEA=RNCM+2,.141592€5
50CC IF (THA-6.2831853) 52CC,5100,5100
510C THEA=TEA-6.2831853
6C 10 5c00
£2CC THAC=THA®RAC
THEC=RKOMF2
THCD=RNCM2#RAD
THP=RNCHM
THEPC=RNCMSRAD
THEPP=RNCY.4
THPPD2RNCOVASRAD
SFU=,298€125E6
CRP=RPP-RP
CTHP=TEHPP~THP
IF {CTHP) 521C,523C,52C5
205 IF (DTHP-3,141592€5) 52230,5230,52C7
£207 CTHP=CTHP-£.2831852
€6C 70 523cC
£21C IF (DTHP+3.141592¢5) 5220,5230,5230
5220 DTHP=CTHP+4€.2831853
523C CTHPD=DTHPSRAD
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5240
5250

£260

20CC

300C

40C0

r¥
23

24
2¢
41CC
4110

4120

412¢C
4135

4140
4145
4150

4152
4153

A MANUAL SPACE CCMPUTER ERRCR ANALYSIS

CPHI=ABSF(.5«DTHP)

AA=RA+RP

A=, 52AA

E=(RA-RP)/AA

THCKP=THC~THP

1f (TECMP) 5250,52€045260
THCMPsTHCKP+6.,2821853

GO TO 5z40

TECPPC=THCHMP#RAD )
CSPC=SQRTFE( (1. +EsCOSF (THCMP))}/(2.-(RC/A)))
SNPC=SGRTF(31.-CSPC#CSPC)
PHIC=ATANF(SNPC/CSPC)

PHICD=PHIC#RAD

PCPBD=, 5« (THCKPD~-180.)
VC=SCRTF(SKUS ({2, /RC)-(1./A)))
VHC=VCeCSPC

VRCsVC#SNPC

VRCC=(90.-PCPBD)/RAD
VPARB=SCQRTF(2.®(SFL/RC))
CELTAV=VPARE#DPHI

IF{DRP) 2CCC,30CC,2C0C

VRCPPP=VRC+ (CELTAV#CCSF{VRCC))
VECPPP=VYHC- (DELTAVS{ SINF(VRCC)))

6C TC 4cCCC
VRCPPP=YRC-{DELTAV#CCSF(VRCC))
VECPPP=VHC+(DELTAVeSINF(VRCC))
VCPPP=SCRTF{ (VRCPPP2VRCPPP) 4 (VHCPPPSVHCPPF))
KPPP=RCaVFCPPP
APPP=(RC#SML)/([2,#SML)~(VCPPPeVCPPF#RC))
EPPP=SCRTF (1.~ (HPPP#KHFPP)/ (SNU*APPP)))
RPPPPzAPPPe{1.~EPPP)
SLPPP=APPP2(1.~(EPPP=EPPP))
ERPPPP=RPPPP-RPP

TCPT=(SLPPP=-RC) /Z(RC*EPPF)

TCPPPP=RACS (ATANF L {SQRTF(1.~(TCPT#TCPT))}/TCPT))
IF(TCPPPP) 23424424

TCPPPP==-TCPPPP+18C.

GC TC 2¢

TCPPPP=-TCPPPP+3£C,

ETPPPP=THCL-THPPD

IF (ETPPPP) 411C,4120,4120
ETPPPP=ETPPPP+360.

GC TC 410C

ETPPPP=ETPPPP-TCPPPP

IF (ETPPPP) 414C,4150,4130

IF (ETPPPP-18C.) 4150,4150,4135
ETPPPP=ETPPPP-2€C.

GC T0 415C

IF (ETPPPP+18Cs) 4145,4150,4150
ETPPPP=ETPPPP+3¢C.

NPAGE=NPAGE+1l

IF (SENSE SWITCH 6) 4152,4153

IF (SENSE SWITCH 5) 4153,13599

WRITE OUTPUT TAPE £4212,(ENUI),1=1,16),1EP22(1),1=1,16),
1(EP30(1)eI=1,1&)

WRITE OUTPUT TAPE €,2C3
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216
e2¢

225
230
240

45
25¢C
26C

265
<70

275
z8cC

285

WRITE OUTPUT TAPE €,2C4,IDRUN,NPAGE

%RITE CUTPUT TAPE €,21¢

KRITE OUTPUT TAPE 6,220

WRITE QUTPUT TAPE €92254RAsRCyRPsRPF 9 THAD,THCC THPD,THPPD

NRITE OUTPUT TAPE £,23C

WRITE GUTPUT TAPE 6,24C

WRITE OUTPUT TAPE €245 DRPyA+E,SFU,DPHI,CTHPC

®RITE OQUTPUT TAPE €425C

KRITE CUTPUT TAPE 6,260

WRITE OUTPUT TAPE €+2€5+CSPCySNPCyPRICC,PCPBC,TCPPPPLETPPPP

WRITE OUTPUT TAPE £,270

WRITE OUTPUT TAPEE9275.VC+VCPPP,VHECoVHCPPP4VRC,VRCPPP,VPARB,DELTAY

®RITE OUTPUT TAPE 6,28C

WRITE CUTPUT TAPE €,285.APPPLEPPP HFPP+SLPPPRPPPPERPPPP

FCRMAT{IHC,S3X13HINPUT SUNMPMARY)

FCRPAT(IHC,119H R{A) KP RIC) Xr RI{P} KM R(P
1P KM THETA(A) DEG THETA(C) CEG THETA(P) DEG THETAIPIP C
2EC)

FCRPAT(EELS.T7)

FCRFMAT(1HO,43X32HINPUT CALCULATICNS ARD CCNSTANTS)

FORMAT{3iHO+117H DELTA R(P) KN A KK E,
1 ML KM3/SEC2 CELTA PHI RAC CELTA THETA(P) CEC
2)

FORMATIEL1T7.7+E19.7+4E2C.T//)

FORMAT(IHC,S3XI4HCLUTPLY SUMMARY)

FCRMAT(1IHC,117TH CCS(PKIICY) SINIPEIIC)) . PEILC)
1CEG PHI(C)PAB LEG THETA(CP)PPP CEG E(THETALP)PPP DEC
2)

FCRMAT(EL1S5.T7+9E2147+2E2C.T79E21.75E19.7)

FORFAT({1HC91i8H VC KF/SEC VCPFP KNM/SEC VHC KM/SEC VHCPP
1P KM/SEC VRC KF/SEC VRCPPP KFM/SEC VPAER KM/SEC CELV KM/SE
2C}

FCRPATIEELS.T)

FCRMATIIHC,116H APPP K¥¢ EPPP HPPE KMZ
1/75€C iLFPP RiFPIPPP KF iFPF R

FCRMAT(EL17.7,5E20.T)

IF (SENSE SWITCH S) 15SC,1569

1590 IF (SENSE SWITCH €) 12599,1599
12996 XRITE OUTPUT TAPE 6€414CCC
14000 FCRMAT(1IH1,87X1THERRORS [N PERIGEE)

WRITE OUTPUT TAPE €414100

14100 FORMAT{T74X44HASSUFING NC INCREMEKRT DUE TC TCTAL WITE )

®RITE OUTPUT TAPE 6,141C1

14101 FCREAT{T6X40HMANEUVER MANEUVER CCPMP. MANEUVER])

WRITE OUTPUT TAPE 6€,142CC

14200 FCRMAT(30X1ZHERROR SCURCE31X45HRADIUS ANGLE RACIUS ANGLE RA

1CIUS ANGLE) ,
WRITE OUTPUT TAPE 6,14201

14201 FORMATIT4X44HIKNK) ({CEG) (kM) (DEG) (xr) (CEG))
3100z CCL1 = ERPPP

CCLZ=ETHPPP
CCL3=ERPPP
COL4=ETHPPP
CCLl = ABSF(CCL1)
CCLZz = ABSF{CCL2)
CCLs = COoL]
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CCLe = CCL2
WRITE QUTPUT TAPE 6,143CC,C0L1,CCL2,CCLS,COLG
1430C FORMAT{1H 71H1. TWC BCDY VS. FOUR BCDY ANDC EARTH CEBLATENESS
1 2FTe24FBa%y1TH NOT APPLICABLE +F7.2,F8.4)
WRITE OUTPUT TAPE 6,1440C
1440C FORMAT(1HC,71H2. CESERVATIONAL ERRORS
1 )
CC 182352 p=1,36
"6C TC (31C04,31006,31C08531010,31012,31014,31016,431018,31020,
131022,31024431026431028,3103C+31032,31034,31036,31038,31040,31042,
231044,431046,31048,31050931052,431054,31056,31058,31060,31062531064,
3310€64+31068,31070,31072,31074),M
310C4 CCLI=RERP({32)
COL2=RETHP{32)
CCL3=RERPP(32)
CCL4=RETHPP(32)
COL1 = ABSF(COL1)
COLZ = ABSF{COL2)
CCL3 = ABSF(COL3)
CCL4 = ABSF(COL4)
WRITE OUTPUT TAPE €,145CC,CCL1,CCL2,CCL3,CCL4
14500 FCRMAT(1H+,71H 2.1 UNCERTAINTY IN KEASUREFMENT CF C(1}
1 1FT1.29FBe41FB8.24F8.4)
WRITE OUTPUT TAPE 6,1445C
14450 FCRMAT(1H ,3EX1H~)
GC 10 1€350
310C€ CCLYI=RERP(32)
COLZ=RETHP(23)
CCL3=RERPP(33)
CCL4=RETHPP(23)
CCLY = ABSF(CCL1)
CCLz = ABSF(CCL2)
CCL3 = ABSF((CCL3)
CCL4 = ABSF(CCL4)
WRITE OUTPLUT TAPE €,146C0,CCL1,CCL2,CCL3,CCLS
146CC FCRMATI1H+,71H 2.2 UNCERTAINTY 1IN MEASUREMENT CF ClZ)
1 tFT1eC1FBe4+sF8.24F8.4)
KRITE OUTPUT TAPE £,1445C
GC TC 1€3:0
31008 CCL1=RERP(31)
CCL2=RETHP(31)
CCL3=RERPP(31)
CCL4=RETHPP(21)
CCL1 = ABSF(CCL1)
CCL2 = ABSF(COL2)
COL3 = ABSF(COL2)
CCL4 = ABSFICOL4)
WRITE OUTPUT TAPE €,147CC,CCL1,CCL2,C0L3,CCLA
147C0 FCRMAT(3H+4,7JH 2.3  UNCERTAINTY IN MEASUREMENT CF C(2)
1 2F1.2+FBe4¢FB.2+FB4)
WRITE CUTPUT TAPE £,14450
6C TO 1€350
31010 CCL1=RERP(12)
CCL2=RETHP(13)
CCL3=RERPP(13)
CCL4=RETHPP(13)
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ccLl
ccL2

ABSFICOL1)
ABSFICOL2)
COL3 = ABSF(COL3)
CCL& = ABSF(COL&)
WRITE OUTPUT TAPE €,148CC,CCL1,CCL2,CO0L3,COLS
1480C FCRMAT(1H o71H 2.4 UNCERTAINTY IN MEASUREKENT CF R(1)
1 2F1e29FBabksFBo2,FBo4)
6C TO 1€35C
31012 COLI=RERP(2%5) :
CCL1 = ABSF(COL1) .
CCL2=RETHP(25)
CCL2 = ABSF(COL2)
CCL2=RERPP (25)
CCL2 = ABSF(COL3)
CCL&=RETHPP(25)
CCL4 = ABSF(CCL4)
KRITE CUTPUT TAPE &,145CC,CCL1,CCL2,CCL3,COL4
149CC FCRMAT(1H ,71H 2.5 UNCERTAINTY IA WEASUREFENT CF R(2)
1 2F1e2,FBo4sFBe2,FBa4)
6C TO 1€35C
21014 CCLi=RERP(12)
CCL1 = ABSF(COL1)
CCL2=RETHF (12)
COL2 = ABSF(COL2)
CCL3=RERPP(12)
CCL3 = ABSF(COL3)
CCL4=RETHPP (12)
CCL& = ABSF(CCL4)
WRITE CLUTPUT TAPE €415C0C,CCL1,CCL2,CCL3+CCLS
15CCC FCRMAT(1H o71H 2.6 UNCERTAINTY IN MEASUREMENT CF R(3)
1 vF1e2¢FBu4sFB.2,FBa4)
6C 1O 1835C
2101€ CCL1=RERP(2C)
CCL1 = ABSF(COL1)
CCL2=RETHP(20)
CCL2 = ABSF(CCL2)
CCL3=RERPF(3C)
CCL3 = ABSF(COL2)
COL4&=RETHPP(20)
CCL& = ABSFICCL4)
WRITE OLTPUT TAPE €,151CC,CCL3,CCL&
1510C FCRMAT(1H ,71H 2.7 UNCERTAINTY IN MEASUREFENT CF R(C)
1 ¢15H NCT APPLICAELEsFB8.2,FBo4)
RSS(1)=COL1ee24RSS(1)
RSS(2)=COL2e#24RSS(2)
RSS(3)=COL3e#24RSS(3)
RSS(4)=COLA®S2¢RSS (4)
CCL1 = SQRTFIRSS(1))
CCL2 = SQRTFIRSS(2))
CCL3 = SQRTF(RSS(2)) 2
CCL& = SCRYFIRSS{4))
RSS(1)=C.
RSS(2)=C.
RSS(3)=C.
RSS{4)=C.
SAVEL=CCL]

LN B B ]
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1520C

152¢¢C

21018

184CC

1535¢

3102¢C

155CC FORMATU(LIH4,71H 3.2

2iczz

15€CC FCRMAT(iH4,71H 3.2

21024

1

SAVEZ2=COLZ
SAVE3=(COL:2
SAVE4=CCL4
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COLE = SQRTF(COLl¢e24CCL3wa2)
CEL6 = SQRTF(COL2e#24(CCL4e0?)
WRITE CLTPUT TAPE €,152C0,CCL1,CCL2,C0L3,4CCL4,COLS,CCLE

FCRMAT(iHC,71H

FCRMAT(1HC,71H3,
1

CC TC 1e3sc
CCL1=RERP(S )
CCLY = ABSF(COL1)
CCLZ=RETHEL(S )
CCL2 = ABSF(CCL2)
CCL2=RERPP(E )
CCL3 = ABSFI(CCL3}
CCL4A=RETHPP(S }
CCL4 = ABSF(CCL4)

KRITE GUTPUT TAPE ¢

RSS
1FTe29F8e4¢FBo2¢FBo4yF8.2,F8.4)

1153C0

INSTRUMENTATICN ERRCRS
)

WRITE OUTPUY TAPE €,154CC,CCL1,CCL2,CCL3,CCLA

FCRMAT({1H+,71H 2.1

1EADING

UNCERTAINTY [N C(1) INPUT GEARINC AND PDIAL R
.F?.Z'FE.4.FE.Z'F8.")

WRITZ OUTPUT TAPE €,1£350

FCRFAT(1H 423X1KH=)

GC TG 1€3%¢
CCL1=RERP(1E)
CCLL = ABSF{CCLY)
CCLZ=RETHP(18)
CCLz = ABSFICCL2)
CCL2=RERPF(1E)
CCL3 = ABSF(CCL3)
COL4=RETHPP(12])
CCL4 = ABSF{CCL4)

WRITE CLTPUT TAPE &,155CC,CCL1,CCL2,C0L3,C0L4

1EACING

UNCERTAINTY IN C(2) INPUT GEARING ANC DIAL R
1F1e2¢FBe&yFEa24FBo4)

WRITE CLTPUT TAPE €,15250

GC TG 1g83scC
CCLI=RERPL 2)
CCL1l = ABSF(COL1)
CCLZ=RETHP(Z )
CCL2 = ABSFLCCL2)
CCL3=RERPP(Z )
CCL3 = ABSF(CCL3)
CCL4&=RETHPP(Z )
CCL4 = ABSF(COL4)

WRITE OUTPUT TAPE €,15€CC,CCL1,CCL2,CCL3,COL4

1EACING

UNCERTAINTY IN C(3) INPUT GEARING ANC CIAL R
2F1.2)FBa4yFBa2+FB8e4)

WRITE OUTPUT TAPE 6.1535C

60 10 1835¢C
CCLI=RERP(3¢€)
CCL1 = ABSF(CCLY)
CCLZ=RETHP(3¢€)
CCL2 = ABSF(CCL2)
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CCL3=RERPP1IE)
CCL3 = ABSFICOL3)
COLA=RETHPP(3€)
CCL4& = ABSFICOL4)
WRITE OUTPUT TAPE 6,1570C,CCL1,CCL2,COL3.CCLA
15TCC FORMATUI1IH4,TIH 3.4 UNCERTAINTY IN G(P) INPUT GEARING AND DIAL R
1EADING 2FTe20F80%9FB.2:F844) .
SRITE OUTPUT TAPE €,1535C
60 TOD 1830
31026 COL1=RERP( €)
CCL1 = ABSF(COL1)
CCL2=RETHP (€ )
CCLZ = ABSF(COL2)
COL3=RERPP(E )
COL3 = ABSF(COL3)
CCL&=RETHPP(E )
CCL& = ABSF(COL4)
WRITE CLUTPUT TAPE €,158CC,CCL1,CCL2,C0L3,C0L4
1580C FORMAT(1H4,71K 3.5 UNCERTAINTY IN (C(1)=-C(P)) CIFFERENTIAL

1 -F'l.ZyFB.ﬁyFB.Z:FO.‘O)
WRITE DUTPUT TAPE £&,1575C
1575C FCRMAT(1lH »24XEH- =)

60 TO 1€3%0
310z€ CCL1=RERP(1S)

CCL1 = ABSF(CCLI)

CCL2=RETHP(15)

CCLZ = ABSFICCL2)

CCL2=RERPP(19)

CCL2 = ABSFICCL3)

CCL&=RETHPP (19)

CCL4 = ABSF(COL4)

WRITE OUTPUT TAPE €,159CC,CCL1,COL2,COL3,CCL4
159CC FCRMAT(1H+,71H 3.6 UNCERTAIKTY Ik (G{2)-0(P)) CIFFERENTIAL

1  #F1.24F8.4,FE.2,FBe4)

WRITE OUTPUT TAPE 6,15750

6C TC 1€£350
3103C COL1=RERP( 3)

CCL1 = ABSFICCL1)

CCL2=RETHP(2 )

CCLZ = ABSF(COL2)

CCL3=RERPP(3 )

CCL3 = ABSF{COL3)

CCL4=RETHPP(3 )

CCL& = ABSF(CCL4)

WRITE OUTPUT TAPE €,16G00,CCL1,CCL24COL3,COL4
1600C FCREAT(1H4,71H 3.7 UNCERTAINTY IN (C(3)-0(P)) CIFFERENTIAL

1 oFTe2,FBo4oFB.2,FB.4)

WRITE OUTPUT VAPE &,15750

GC T0 18350
31032 CCL1=RERP( 7)

COLL = ABSF(COLY)

COL2=RETHP(T )

CCL2 = ABSF(COL2)

CCL3=RERPP(T )

CCL3 = ABSF{COL3)

CCLASRETHPP(T )
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1€1GC FORMAT(1H+,71H 3.8

31034

1€200 FORMAT(LH4,71H 3.9

3103¢

A MANUAL SPACE CCFPUTER ERRCR ANALYSIS

CCL4 = ABSF(CCL4)
WRITE OUTPUT TAPE

1 70 COS MECHANISK,
WRITE QUYPUT TAPE
6C T0 18350
CCLI=RERP(20)
CGL1 = ABSF(COL1)
COL2=RETHP(20)
CCLZ = ABSF(COL2)
COL3=RERPP(20)
CCL3 = ABSF(COL3)
CCLA=RETHPP(2C)
COL4 = ABSF(CCL4)
WRITE OUTPUT TAPE

1 70 CCS MECHANISM
WRITE OUTPUT TAPE
60 10 18350
CCLY=RERP( 4)
COL1 = ABSFICOL1)
COL2=RETHP (4 }
COLZ = ABSF(COL2)
COL3=RERPP(4 )
CCL3 = ABSF(CCL3)
CCL4&=RETHPP (4 }
CCL4 = ABSF(COLA4)
WRITE OUTPUT TAPE

PAGE 15
2714764

€,1€100,CCL1,CCL2,COL3,C0L4

UNCERTAINTY IN (C(1)-G{P)) REDUCTION GEARING
#F1.2¢FB.4yF8.29F8.4)
6415750

€,1€200,CCL1,CCL2,C0L3,CCLA

UNCERTAINTY IN (0{2)-C(P)) REDUCTION GEARING
9FTe29F8.4yFB.2,FB8.4) ’
€+15750

€+1€3C0,LCL1,CCL2,CCLI,COLA

1€30C FORMAT(1H4,71H 3,10 UNCERTAINTY IN (C{3)-0(P)) REDUCTION GEARING

31038

1€4C0 FORMAT(1H4471H 3,11

2104¢C

1¢50¢C

1 T0 COS MECHANISKM
WRITE OUTPUT TAPE
60 TO 1350
COLI=RERP (34)
COL1 = ABSF(CCL1)
COL2=RETHP (34)
CCL2 = ABSF(COL2)
COL3=RERPP(34)
COL3 = ABSF(CCL3)
COL&=RETHPP(34)
CGL4 = ABSF(COL4)
WRITE OUTPUT TAPE

1

WRITE OUTPUT TAPE
60 TO 1e3s0
CCL1=RERP(21)
COL1l = ABSF(COL1)
COL2=RETHP(21)
COLz = ABSF(COL2)
CCL3=RERPP(21)
CCL3 = ABSF(COL2)
COLA=RETHPP(21)
CCLA = ABSF(CCL4)
WRITE OUTPUT TAPE

FCRMATI1IH+,71H 3,

1

1FTe2¢FB8e49FB.2,F8.4)
€é,1575¢C

€9164CC,CCL1,CCL2,COL3,CCL4

UNCERTAINTY IN (C{1)-C(P)}) CCSINE MECHANISM
1FT1.2¢FBe44FBs24FB.4)

6415750

€¢1€5CC,CCLY1,CCL2,COL3,C0L4
12 UNCERTAINTY IN (0(2)-C(P)) CCSINE MECHANISM
2FT1e29FBebyFB.2,FB8.4)

A-18




ESCE

21042

1€6CC

31044

1¢7CC

1€65C
2104¢

1€80C

21048

1€9¢CC

3105¢

PAGE 16
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WRITE OLTPUT TAPE ¢€,15750

6C TC 1€350

CCL1=RERP( &)

CCL1 = ABSF(COL])

CELZ=RETHP( 8)

CCL2 = ABSFICCL2)

CCLA=RERPP(8 )

CCL3 = ABSFICOL3)

COL4=RETHPP(8 )

CCL4 = ABSF(COL4)

®RITE OUTPUT TAPE 641€600,CCL1,CCL2,CCL3,CCLS
FCRMAT{1H4,71H 3.13 UNCERTAINTY IN (C(3)=-0(P)) CCSINE MECHANISH
1 'FT1e20F8e4¢FBa2,F8.4)
KRITE OLTPUT TAPE €,1575C

6C TC 1€3=0

CCL1=RERP(9 )

CCL1 = ABSFICCLY)

CCLZ=RETHP(S )

CCL2 = ABSFICCL2)

COL2=RERPP(S )

CCL3 = ABSF{COL3)

CCLA=RETHPP(S )

CCL& = ABSF(CCL&)

WRITE OLTPUT TAPE €,167CC,CCL1,CCL2,CCL3,CCL4
FCRMAT{1M¢,71H 3.1&4 UNCERTAINTY [N CCSIC{3)-0(P))-COSIO(1)-CIP)}
1 CIFFERENTIAL tFTe2+FBe&yFBL29FB.4)
WRITE OLTPUT TAPE €,1¢£50

FCREAT(IH ,27X21H- - - -}

6C TC 1€3£0

CCLI=RERP{22)

CCL1 = ABSF(CQOL1)

CCLZ=RETHP(22)

CCL2 = ABSFICGL2)

CCL3=RERPP(22)

CCL2 = ABSF(CCL3)

CCL&=RETHPP(22)

CCL4 = ABSF(COLS)

WRITE CUTPUT TAPE &,1£8CC,CCL1,CCL2,CCL3,CCLA
FCRPAT(IH+45sT1H 3.15 UNCERTAINTY IN CCS{C(2)-C(P))I-CCSIC(1I-0(P))
1 CIFFERENTIAL 1F1.2¢F8.4,FB8.24F8.4}
WRITE OLTPUY TAPE &,16650

6C TC 1€350

CCLI=RERP(1C)

CCL1 = ABSF(COL1)

COL2=RETHP(1C)

CCL2 = ABSF(COL2)

CCL3=RERPF(1C)

CCL3 = ABSF(COL3)

CCL4=RETHPP(10)

CCL& = ABSF(COL4)

WRITE OUTPUT TAPE €,1€9CC,CCL1,CCL2,CCL3,COLS
FCRMAT(1H#,71H 3.16 UNCERVAINTY IA CCS(Ct(3)-C(P))I-COSIGI1I-0(P))
1 POT CRIVE GEARING ,F7.2,F8.44FB.2,FB.4)
WRITE OLTPUT TAPE 6,1€€50

6C TO 1&350

CCL1=RERP(23)
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CCL1 = AESFICCLY)

CCL2=RETHP(23)

CCL2 = ABSF(COL2)

CCL2=RERPP(22)

€CL3 = ABSF(CCL3)

CCL&=RETHPP (223}

CCL& = ABSFI(CCL4)

WRITE CUTPUT TAPE €,17C6C,CCLL,CCL2,C0L3,COL4
1700C FCRMAT{1H+4,71H 3,17 UNCERTAINTY IA CCS(C(2)-0(P})-COS(C(1)-C(P)}])

1 POT CRIVE GEARING yF7.2sF8.44FBe2,F8.4)

WRITE OUTPUT TAPE 6.1€¢50C

6C TO 183sc
21052 CCL1=RERP(11)

CCL1 = ABSFICCL1)

COL2=RETHP(11)

CCL2 = ABSF(COL2)

CCL3=RERPF(11)

CCL3 = ABSF(CCL3)

CCL4=RETHPP(11)

CCL4 = ABSF(CCL&)

WREITE CUTPUT TAPE ¢,1710C,CCL1,CCL2,CCL3,CCLA .
1710C FCRMAT(1H+,71H 3.18 CCS(C(3)-C{P))-CCS(C(1)-C(P}) PCT NCN-LINEAR

11ty 9FT1e2,FBa&yF8.29FB.4)
RRITE CLTPUT TAPE &,17C5C
1765C FCRMAT{1K ,12X21H- - - =)

GC 70 ie3s¢
21054 CCLI=RERP(24)

COL1 = ABSF(COLY)

CCLZ=RETHP(24)

CCLz = ABSFICOLZ)

CCL2=RERPP(24)

CCL3 = ABSFICCL3)

CCLA=RETHFP(24)

CCL4 = ABSFICOL4)

WRITE CUTPUT TAPE &,172€0,CCL1,CCL2,C0L3,CCLA
17200 FORMAT(1H+,71H 3,19 CCS{C(2)-G{F))-COS{CI(1)-0{P)) PCT NCN-LINEAR

117Y 1F1.21F8e44F8.2,F8.4)
WRITE OUTPUT TAPE €,17CSC
GC 10 1€3:C

310%¢ CCLLI=RERP(23EZ)
CCL1l = ABSF(COL1)
CCL2=RETHP(25)
CCL2 = ABSF(CGL2)
CCL3=RERPPI(35)
CCL3 = ABSFICCL2)
CCL4=RETHPP(35)
CCL4 = ABSF(CQLA4)
WRITE OUTFUT TAPE €4173C0,CCL1,CCL2,COL3,CCLA
17300 FCRMAT(1H 71K 3.,2C UNCERTAINTY IN 1/R(1) INPUT GEARING ANC DIAL
1REACING " 9FTe24F8.44FB.2+F8e4)
€C 70 1835¢C
31058 CCLI=RERP(zE)
CCLl = ABSF{COL1)
CCL2=RETHP(26)
CCL2 = ABSF(COL2)
CCL2=RERPP(26)
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COL2 = ABSF(CCL3)
CCL&SRETHPP(ZE)
CCL4 = ABSF(COL4)
WRITE CLTPUT TAPE £,17400,CCL1,CC0L2,CCL3,CCLS
174CC FERMAT(1H oT1H 3,21 UNCERTAINTY 1IN 1/R(2) INPUT GEARING AND DIAL
1 READING 2F7e2¢FB8.44FB.2,FB.4)
GC T0 1€350
31060 CCLI=RERP(14)
CCLY1 = ABSF(COLY)
CCLZ2=RETHP(14)
COL2 = ABSF{CCL2)
CCL3=REKPP(14)
CCL3 = ABSF{COL3)
CCLA=RETHPP(14)
COL4 = ABSFI(COL4)
MRITE OUTPUT TAPE €,17500,CCL1,COL2,CCL3,COLS
175CC FCRFMATI1H (471H 3,22 CUNCERTAINTY IN 1/R(2) INPUT GEARING ANC CIAL
1 READING sFTe2+sFBoh FEL2,FB.4)
6C TO 1€3scC
210£2 CCLI=RERP(1E)
CCL1 = ABSF{CCL1)
CCLZ=RETHP(1%)
CCL2 = ABSF{COL2)
CCL2=RERPP(1E)
CCL3 = ABSFICCL])
CCL4=RETHPP(15)
CCL4 = ABSF(CCL4)
MRITE OLTPUTY TAPE £,17¢6CC,CCL1,CCL2,CCL3,CCLS
176CC FCRFAT(1H 71K 3.23 UNCERTAINTY IN (1/R{3)-1/R(1})} CIFFERENTIAL
1 tFT.29FBe%1FBa2+FB.4)
6C TO 1€35¢C
31064 CCLI=RERP(27)
CCL1 = ABSFICCOLY)
CCLZ=RETHP(2T7} .
CCL2 = ABSFI(COLZ)
CCL2=RERPP(ZT)
CCL2 = ABSF({(CGL2)
CCL&=RETHPP(27)
CCL4 = ABSF(CGL4)
WRITE OUTPLUY TAPE €,177CC,CCL1,CCL2,CCL3,CCLS
177CC FCRMAT(1H 5718 3.24 UNCERTAIATY IN (1/R({(2)-1/R(1)) CIFFERENTIAL
1 sFTe2sF8e&FBa2+FBok) .
GC TOD 1E3%0
3106& CCLYI=RERP(1¢)
CCL1 = ABSF{CCLl)
CCLZ=RETHPL1¢)
CCL2 = ABSF(COL2)
CCL3=RERPP(16)
CCL3 = ABSF(COL2)
CCL4=RETHPP(14)
CCL& = ABSFICCL4)
KRITE OUTPUT TAPE £€.17€CC,CCLY1,COL2,CCL3,CCLS
178CC FCRMAT(IH L,71H 3.25 UNCERTAINTY IK (1/R{3)-1/R(1)) REECSTAT CRI1V
1E GEARING 2FT1e23FBedFB8.2:F08.4)
GC 10 1€350
31068 CCL1=RERP(28)
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CCLY = ABSFICCL1)
CCL2=RETHP(ZE)
CCL2 = ABSF(COL2)
COL3=RERPP(28)
CCL3 = ABSF(COL3)
COL4=RETHPP(28)
CCL4 = ABSF(COL4)
WRITE OUTPUT TAPE £,179CC,COL1,CCL2,CCL3,C0L4
17900 FORMAT(1H T1H 3.26 UNCERTAINTY IN (1/R{2)-1/R{(1)) RHEOSTAT DRIV
1E GEARING oFT1.2¢F8.4,F2.2,F8.4)
€C TO 1e3sc
31070 COLI=RERP(17)
COL1 = ABSF(COL1)
COLZ2=RETHP(17)
CCL2 = ABSF(COL2)
CCL2=RERPP(1T)
CCL3 = ABSF(CCL2)
COL4=RETHPPI(1T)
CCL4& = ABSF(COLA)
WRITE OLTPUT TAPE 6,1&CCC,CCL1,CCL2,CCL3,COLS
1800C FORMAT(1K ,T1K 3,27 {(1/R{3)-1/R(1)}) RHECSTAT NCN-LINEARITY
1 sF1.2¢F8.4yFB.2,FB.4)
6C TC 183%C
31072 CCL1sRERP(29)
COL1 = ABSF(CCL])
COL2=RETHF (2S)
CCLZ = ABSF(CCL2)
CCL3=HERPP(2ZS)
CCL3 = ABSF(CCL2)
COL4=RETHPP(2S)
CCL4 = ABSF(COL4)
WRITE OLTPUT TAPE ¢,181CC,CCL1,CCL2,CCL3,COLA
1€1CC FORMAT(1H ,71H 2.Z8 (1/R(2)-1/R(1})) RHECSTAT NCN-LINEARITY
1 'F7.2'F8.4.F8.2'1F8.4)
€C 1C 1e35¢C
21C74 CCLI=RERP{1 )
CCL1 = ABSF(CCLL)
COL2=RETHP(1}
CCL2 = ABSF(CCLZ)
CCL3=RERPI (] )
COL3 = ABSFICOL2)
COL4=RETHPP(])
CCL4 = ABSF(CCL4)
WRITE QUTPUT TAPE €,1€2CC,CCLL1,CCL2,CCL3,C0L4
182C0C FORMAT{IH ,71H 3,29 BRIDGE TRIKMING ERRCR
1 2FTe2¢FBe4yFB.2,F8.4)
WRITE CUTPUT TAPE €,183C0
183CC FORMAT(IH 431K 3,20 GALVANGKETER PIAS ERROR,A&X2ENIL+SX2HNIL,
15X3MNILSX3KHNIL)
1835C RSS(1)=COL1&8Z+RSS (1)
RSS(2)=CCL2ee24RSS(2)
RSS(2)=COL32024RSS(3)
18352 RSS(4)=COL4®024RSS{4)
CCL1 = SQRTF(RSS(1))
CCL2 = SQRTF{RSS(2))
CCL3 = SQRTF(RSS(2))
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CCL& = SORTF(RSS(4})}

CCLS = SQRTF(COLles24CCL3®02)

CCLE = SQRTF(COL2ee24CCL4ae2)

WRITE OUTPLT TAPE €,184CC,CCL1,CCL2,CCL3,COL4,COLS,COLE
1€40C FCRMAT(IMC,71H RSS '

1 FTe2oFBeboFB.29FRo40FB.2,F8.4)

CCL3 = ABSFUERPPPP)

CCL4 = ABSFETPPPP)

CCLS=COL3
COL&=COL4
WRITE GUTPUT TAPE €,1E50C,COL3,CCL4,CCL5,CCLE
16500 FCRMAT(1HC,T1Hé. ERRCRS DUE TC FARABCLIC ASSUFPTICN CF CORRECY

1IVE MANEUVER * +15H NCT APPLICABLE FBa2sFBo&FB.2,F8.4)
COL1=SQRTFIRSS(1) +SAVE1#224ERPFPoa2)
CCLZ=SCRIF(RSS(2]) +SAVE28e24ETHPPPwe2)
CCL3=SCRTIF(RSS(3) +SAUEIee24+ERPFPEa24ERFPPP#e2)
CCL4&=SCRTF(RSS(4) +SAVELee2+ETHFPFoa2¢ETFPPFea?)
CCLE = SCRTF{CCL1we24CCL32e2)
CCLE = SGRIFICCLZ®#24CCL4®e2)
WRITE CLTPUT TAPE €,1660C,CCLL,CCL2,CCL3,CCL4,CCLS,CCLE
166CC FCRMATULIHC 71K TCYAL RSS ERRCFS
1 oFT1e29FB8e4FBa2)FB8.4,FR.2:FB.4)
WRITE CLTFLUT TAPE £&,1E7CC
1670C FCRFMAT{1hC,S4FNCTE 1i. SCURCE ERRGCRS UTILIZEC ARE 1 SIGMA VALUES B2
1SEC ON FAXIMLFM VALLES ULISTEC IA FIGLRE NC. )
RRITE CLTPLT TAPE ¢€,18SCC,ICRUAN
1690C FCRMAT(iKCocSX2SHFANLAL SPACE CCMPUTER ERRCR ANALYSIS e s 4AE)
WRITE GLTFUT TAPE &,15CCC
1SGCC FCRMAT(:H o31X1CHFIGLRE NC.)
1566 NCRUN=NCRLK-1
IF (SENSE SWITCH &} 26CC2,249SS
24595 PRINT z32CCC
ZECCC FCRPAT(IH.4C-CPERATCR ACTICN PAUSE sas RESET SEASE SWITCHES ¢ ANC
1 £ ANLC PUSH START)
PRINT 26CCC,ICRLA
2€CCC FCRMAT(iHC,SCRENC CF ARMA NMANUAL SPACE CCMPUTER ERRCR BKALYSIS .4
1A¢)
PAUSE
26CC2 IF (NCRUN) 1€C,1€C,1CCC
16C PRINT 27CCC
27CCC FCRMAT (_h ¢1SHEND CF ARMA JCB//7)
CALL EXIT
ENC(191,09Cs23Cel91s0+CsCeCe0+C,0)
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